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A b st r a c t
The unusual stability and vertical extent of the oxic-anoxic interface of the central Black 
Sea water column facilitate studying microbially-mediated redox processes. The central gyres 
of the Black Sea are hydrographically isoloated from the Northwest Shelf region, although 
seasonal mixing results in the horizontal exchange of inorganic nutrients and dissolved organic 
matter (DOM). The Northwest Shelf receives substantial riverine and estuarine inputs, and is 
characterized by high primary productivity compared to the central regions. The biological 
activity of surface waters of the central gyres is similar to coastal seas and estuaries, while the 
deeper layers reflect the intense biogeochemical redox conditions of the suboxic zone; previous 
research on the chemistry of this zone indicate the importance of microbially-mediated 
nitrification, denitrification, and sulfide redox reactions. Low oxygen conditions may favor 
organic matter oxidation via nitrate and/or sulfate reduction, which is less bio energetically 
efficient than aerobic respiration and may limit organic matter cycling.
Bacterial properties (bacterial abundance and cell volume, 3H-thymidine and -leucine 
incorporation) and DOM concentrations were measured in the Black Sea during September 
1999 and May-June 2001. Sampling was conducted along a Shelf-Gyre transect, and was 
focused at the suboxic-anoxic interface at the deep stations. Estimates of bacterial biomass, 
production, and specific growth rates, as well as DOM lability, were made; hypotheses were 
tested regarding trends in these variables across the Shelf-Gyre transect and between sub­
surface water layers.
Bacterial variables (abundance, incorporation rates, biomass, production, and specific 
growth rates) were significantly higher on the Northwest Shelf compared to the Southwestern 
Gyre, and were generally intermediate at Shelf-break stations. Mean bacterial abundances 
ranged from 1.4 to 2.9 x 109 cells I'1 in the mixed layer along the Shelf-Gyre transect, while 
isotope incorporation rates ranged from 7 to 74 pM-TdR h'1 and 60 to 209 pM-Leu h'1, 
bacterial biomass ranged from 6.7 to 13.5 pg C l'1, bacterial production rates ranged from 2.3 
to 7.7 pg C l"1 d"1, and specific growth rates ranged from 0.2 to 1.5 d'1. Dissolved organic 
carbon and nitrogen (DOC and DON) concentrations were also elevated (272 pM and 15 pM 
for DOC and DON, respectively) on the Shelf compared to the Gyre (200 pM and 11 pM for 
DOC and DON, respectively), while the bulk DOC:DON ratios were constant (approximately 
19). Rates of 3H-thymidine and -leucine uptake were highest of all measured parameters, 
indicating decoupling of productivity and biomass and suggesting the importance of bacterivory 
on the Northwest Shelf. The ratio of leucine to thymidine incorporation significantly decreased 
along the transect (3.0 and 9.3 for the Shelf and Gyre, respectively), indicating a shift in 
bacterial physiology from greater cell division on the Shelf to greater protein synthesis in the 
Gyre.
In the Southwestern Gyre, surface bacterial production was equivalent to about 50% of 
net primary production. In the oxycline layer, mean bacterial abundance (0.38 x 109 cells l'1), 
leucine incorporation (4.1 pM-Leu h'1), and bacterial production (0.15 pg C l'1 d'1) were 
significantly greater compared to the suboxic and anoxic layers, while cell volume, biomass and
XI
specific growth rate increased with depth. Large filamentous bacteria (>10 microns in length) 
were present below the suboxic boundary, and comprised up to 10% of the total bacterial 
abundance and up to 53% of the total bacterial biomass. DOM concentrations decreased with 
depth (average anoxic layer concentrations of 123 pM and 6.1 pM for DOC and DON, 
respectively). Approximately 95% of the newly produced DOC was consumed above the 
suboxic-anoxic interface; the deep basin DOC concentrations were high compared to open 
ocean values, indicating enhanced in situ production or reduced subsurface organic matter 
cycling despite high surface production.
B a c te r ia l  P r o pe r t ie s  and  D isso lv ed  O r g a n ic  M a t t e r  
D ist r ib u t io n s  in  the B l a c k  Se a
In t r o d u c t io n
The unique biochemical nature of the Black Sea, the world’s largest anoxic basin, 
provides an ideal site for exploration of microbial processes. From a biogeochemical 
perspective, the distinct redox systems that dominate inorganic element cycling and 
remineralization of organic matter between the shallow oxic layer, subsurface suboxic layer, and 
deep anoxic basin result in complex interactions between physical and biological processes 
(Murray et al., 1995, 1999; Oguz et al., 1999). The vertical zonation of oxygen and other 
inorganic species in the upper water column of the Black Sea is similar to that of suboxic and 
anoxic sediments (Murray et al., 1995), with the advantage (for the purposes of study) of 
having vertical gradients distributed along tens of meters, compared to centimeters or less in 
coastal sediments.
Remote sensing and field observations indicate phytoplankton abundance and 
productivity in Black Sea shelf and basin waters are high compared to the open ocean 
(Moncheva et al., 2001; Oguz et al., 2002). On the shelf, both autochthonous primary 
production and allochthonous terrestrial and estuarine organic matter can support high bacterial 
standing stocks and productivity (Becquevort et al., 2002). Over the past 30 years, 
anthropogenic inputs of nutrients to the coastal and shelf waters have resulted in eutrophication 
of the entire basin (Tugrul et al., 1992; Kideys, 2002), which may have contributed to a 
collapse of commercial fish stocks and invasion by two gelatinous planktivores, the medusan, 
Aurelia aurita, and the ctenophore, Mnemiopsis leidii (Zaitsev, 1992; Gordina et al., 2001).
3These upper trophic level shifts may in turn affect the distribution and productivity of the 
microbial community (Bouvier et al., 1998; Jackson et a l, 2001).
In the central basin, terrestrial allochthonous inputs of organic matter are reduced due 
to the hydrography of the region, and autochthonous material is more important (Sorokin, 
2002). Organic matter cycling and remineralization in the central Black Sea differs significantly 
from most other coastal seas and the open ocean due to the presence of a predominantly 
anoxic water column: bacterial uptake and remineralization is high in surface waters, but may be 
limited below the oxycline due to metabolic shifts from aerobic to anaerobic respiration modes. 
Thus, while export of organic matter from the surface is high, bacterial production in deeper 
waters is likely to be low compared to other deep marine environments (see below). While 
previous researchers have investigated the distribution of bacteria and dissolved organic matter 
in the Black Sea (Karl and Knauer, 1991; Torgunova, 1994; Selifonova and Lukina, 2001;
Saliot et al., 2002), their studies have been limited to coastal regions and some central basin 
sites; few studies have examined bacterial utilization of organic matter across the shelf-basin 
gradient, or in the subsurface water layers of the basin. In addition to organic matter utilization, 
the standing stocks of oxygen, nitrate, ammonium, and hydrogen sulfide are each dependent 
upon microbially mediated redox processes (Murray et al., 1995); hence, exploration of 
bacterial dynamics in the upper water column of the Black Sea should yield insights for 
understanding the observed biogeochemical distributions.
In this study, I present measurements of bacterial properties (abundance, cell volume, 
and isotope incorporation) and dissolved organic matter (DOM) concentrations in the Black
4Sea that were made during September 1999 and May-June 2001. Sampling was conducted 
along a Shelf-Gyre transect and was focused at the suboxic-anoxic interface at the deep 
stations. Estimates of bacterial biomass, production, and specific growth rates, as well as 
DOM lability, were calculated, and I statistically tested specific hypotheses regarding trends in 
these variables across the Shelf-Gyre transect and between sub-surface water layers.
Hydrography and Biogeochemistry of the Black Sea
Prior to the broaching of the Bosporus strait during the last Holocene transgression 
(about 8,000 years B.P.), the Black Sea was a large brackish lake. As high-salinity 
Mediterranean waters filled the basin, surface freshwater inputs due to glacial meltwater 
increased and the net effect of the two inputs established a condition of permanent stratification 
(Sorokin, 2002). The sharp density gradient, together with the oxidation of sinking organic 
matter, resulted in the formation of the deep anoxic hydrogen sulfide zone near the bottom 
(2,272 m maximum depth) about 4,000 B.P (Murray et a l, 1999). Since then, surface salinity 
in the central basin has increased from 5-7 ppt to 17-19 ppt, and the upper boundary of the 
sulfidic zone has shoaled to the present position of 100-140 m depth (Sorokin, 2002). In 
geological and evolutionary terms, the current state of the basin is very recent.
The modem Black Sea is an enclosed basin (508,000 km2) fed by several large rivers 
originating in Europe and Asia, which carry substantial loads of anthropogenic nutrients and 
contaminants (Murray, 1991; Sur et a l, 1996) (Fig. 1). Outflow from the Black Sea occurs 
solely at the southwestern coast via the surface layer through the Bosporus Strait. High-salinity
5Figure 1. Map of the Black Sea. Major hydrographical features (gyres and Main Rim 
current) are shown, as well as stations occupied during the R/V Bilim research cruise in 
September 1999 (0, open symbols)and the R/VKnorr research cruises in May 2001 (1, 
shaded symbols) and June 2001 (2, closed symbols). Bold line indicates Shelf-Gyre transect.
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6waters (ultimately of Mediterranean origin) enter the Black Sea from the Sea of Marmara via 
the deep layer of the Bosporus Strait and contribute to the stratified condition where low- 
salinity oxic water (ultimately of riverine origin) is prevented from mixing with high-salinity 
anoxic water by a strong density gradient (Murray et al., 1991).
The central portion of the Black Sea is separated from the coastal areas by the Main 
Rim Current, which encircles the basin along the shelf-slope boundary (Oguz et al., 1993; 
Sorokin, 2002). The strength and extent of the Main Rim Current is seasonally variable: in late- 
winter, the average velocity ranges from 20 to 60 cm s'1, while in late-summer velocity 
decreases and the current becomes less cohesive (Oguz et al., 1998). During peak flow the 
current extends to 150-200 m depth and is 40-80 km wide. Seasonal anticyclonic eddies 
(including the Sevastopol Eddy) are formed along the outer (coastal) edge of the current, while 
the inner cyclonic gyres (Southwestern Gyre and Eastern Gyre) (Fig. 1) are relatively stable 
throughout the year.
The primary riverine input to the Black Sea is the Danube river, which accounts for 
64% of the riverine water discharge (6300 m3 s'1) and 49% of the particulate organic matter 
discharge (253,000 tons C yr"1) (Gamier et al., 2002; Reshke et al., 2002); other major rivers 
include the Dniepr, Dniestr, and Southern Bug rivers, which all drain onto the Northwest shelf 
(Sorokin, 2002). The Northwest shelf, which comprises about 10% of the surface area of the 
Black Sea, extends from the Ukrainian coast to about 250 km south and has a mean depth of 
about 24 m (Saliot et al., 2002). Low-flow conditions during the summer can create meanders 
and eddies in the Main Rim Current surrounding the central basin and mix shelf and gyre
waters; however, the broad, shallow shelf is typically isolated from the central basin. The shelf 
waters are generally more turbid and polluted than the gyre waters and have experienced 
significant damage to both pelagic and benthic communities (Ragueneau et al., 2002; Sorokin, 
2002).
The microbial biota of the central Black Sea exist in several biogeochemically-defined 
layers that can be considered as separate, but interactive, ecosystems. The surface layers 
(mixed and sub-mixed euphotic), where dissolved oxygen is abundant, supply recently 
synthesized organic matter to the underlying oxycline layer, suboxic layer and deep anoxic basin 
(Fig. 2). The surface layers are temporally dynamic, displaying winter deepening and spring 
shoaling typical of the open ocean, while the deeper layers are temporally stable over seasonal 
time-scales (Karakas et al., 2002, Oguz et al., 1996). Over longer (decadal) time-scales, the 
oxic-suboxic interface (oxycline) appears to be shoaling, while the suboxic-anoxic interface 
(Fig. 2) has been stable with respect to both depth and density (Tugrul et al., 1992; Saydam et 
al., 1993; Buesseler et a l, 1994).
The suboxic layer (Fig. 2), characterized by extremely low concentrations of both 
dissolved oxygen and hydrogen sulfide, has been the subject of much study over the past 20 
years, and several hypotheses have been put forth to explain its existence and persistence over 
geologic time: the upward flux of sulfide may be oxidized 1) by ventilation by oxic 
Mediterranean waters, 2) by iron (III) and manganese (III, IV) species, 3) by sulfur-oxidizing 
bacteria via anaerobic photosynthesis, and/or 4) denitrification occurs, whereby the downward 
flux of nitrate is reduced by Mn2+ while the upward flux of ammonium is oxidized by Mn(III,IV)
Figure 2. Conceptual model of the Black Sea. Idealized distributions of chemical constituents 
and biogeo chemical processes are shown for the upper water column.
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9(Repeta et al., 1989; Murray et al., 1999; Stanev et al., 2001). These hypotheses are 
dependent on microbially-mediated reactions. While much is known about the chemical 
constituents of the water column, little is known about the abundance and productivity of the 
bacteria of the suboxic and anoxic water layers (Fig. 2).
As dissolved oxygen concentrations decrease through the oxycline, nitrification occurs, 
resulting in a primary nitrite peak and increasing nitrate concentrations (Fig. 2) (Codispoti et 
al., 1991; Murray et al., 1995). A nitrate maximum occurs at the oxic-suboxic interface, 
which is operationally defined at a dissolved oxygen concentration of 10 pM and generally 
occurs at a at of 15.4 kg m'3 (Saydam et al., 1993; Murray et al., 1995). Between the oxic- 
suboxic interface and the suboxic-anoxic interface (the suboxic zone), denitrification occurs, 
resulting in a secondary nitrite peak and the decrease of nitrate to very low levels (Tugrul et al., 
1992; Sorokin, 2002). Below the suboxic-anoxic interface, sulfide, ammonium, manganese 
and iron concentrations increase with depth (Murray et a l, 1999).
Bacterial Bioenergetics
Non-photosynthetic bacteria depend upon organic matter and inorganic compounds to 
obtain energy for growth and the synthesis of cellular macromolecules {i.e., DNA, RNA, and 
proteins) (Dawes, 1986). Three modes of dissimilatory catabolic metabolism, aerobic and 
anaerobic heterotrophy, and chemolithotrophy, are employed by bacteria over a wide array of 
marine environments, from oxygenated water columns to anoxic sediments (Ehrlich, 1981; 
Fenchel et al., 1998). The most energetically efficient {i.e., yields the most energy for growth)
10
metabolic mode is aerobic respiration, whereby bacteria utilize oxygen to oxidize organic or 
inorganic compounds (Sherr and Sherr, 2000). Oxidation reactions (aerobic and anaerobic) 
yield adenosine triphosphate and reducing power (hydrogen atoms or electrons) for the 
synthesis of organic compounds (Ehrlich, 1981). Aerobes can directly take up low molecular 
weight organic carbon compounds (< -500 Da), such as acetate, pyruvate, sugars, and amino 
acids; high molecular weight compounds can be made available for consumption by first 
undergoing extracellular hydrolysis to form low molecular weight products (Ducklow, 2000; 
Sherr and Sherr, 2000; Williams, 2000).
Under low oxygen conditions anaerobic respiration is favored, whereby bacteria obtain 
energy from inorganic compounds other then oxygen. Bacteria are able to use a variety of 
oxidizing agents, including sulfate and nitrate, which are important species in the upper water 
column of the Black Sea (Murray et al., 1995). As dissolved oxygen concentrations decrease 
within a water column (or sediment column), the mode of microbial respiration shifts 
sequentially from aerobic respiration (energy yield of 686 kcal mol'1 for the oxidation of 
glucose) to nitrate reduction (denitrification; 649 kcal [mol glucose]'1 or 298 kcal [mol 
lactate]'1) to fermentation (58 kcal [mol glucose]'1) and sulfate reduction (9.7 kcal [mol 
lactate]'1) (Libes, 1992; Fenchel et al., 1998; Sherr and Sherr, 2000). Sulfur-reducing 
bacteria and fermenters prefer low molecular weight substrates, such as lactate and acetate, 
which can be taken up directly and reduce energy expenditure from hydrolysis (Sherr and 
Sherr, 2000). Thus, even under organic matter-replete conditions, bacterial utilization under 
low oxygen conditions may be low (generally by an order of magnitude) compared to surface
11
rates, and high molecular weight organic compounds may pass through the chemocline 
unprocessed.
Chemolithotrophic bacteria are able to use the reducing power from the oxidation of 
reduced inorganic compounds for carbon fixation. These bacteria are able to use a variety of 
reducing agents, including hydrogen sulfide and ammonium, which are highly concentrated in the 
anoxic zone of the Black Sea (Murray et a l, 1995). Chemolithotrophs obtain chemical energy 
from the oxidation of sulfide (190 kcal mol'1), ammonium (66 kcal mol-1) or nitrite (18 kcal 
mol'1) (Libes, 1992). These energy yields, which are comparable to that of anaerobic 
respiration (see above), provide the reducing power for carbon fixation. Compared with 
photosynthesis, with a standard Gibbs free energy change (AGW°) of +29.95 kcal mol'1, 
chemosynthesis is less energy-demanding: carbon fixation via nitrification has a AGW° o f+17.8 
kcal mol'1 and via hydrogen sulfide oxidation has a AGW° of +4.7 kcal mol'1 (Libes, 1992).
Chemosynthetic bacteria occur in the oxycline and suboxic zones of the Black Sea (Fenchel 
and Finlay, 1995; Sorokin et a l, 1995), and chemosynthetic organic matter production may be 
equivalent to up to 15% of the surface primary production (Karl and Knauer, 1991). Taken 
together, the anaerobic and chemosynthetic bacteria of the Black Sea mediate the redox cycling 
of nitrogen and sulfur, as well as the production and remineralization of organic matter (Table 
1)-
Table 1. Important microbially-mediated redox processes in the Black Sea. Generalized 
reactions are shown, where “CH20 ” indicates an organic carbon substrate. Standard aqueous 
Gibbs free energies (AGW°) from Libes, 1992. EL: euphotic layer; OL: oxycline layer; SL: 
suboxic layer; AL: anoxic layer.
Process Reaction a g ; Layer
Inorganic Carbon Reduction 
Phytoplankton C 02 + H20  -  “CH20 ” + 0 2 + 29.9 EL
Nitrifiers
Ammonium ox. 
Nitrite ox.
C 02 + NH4 -  “CH20 ” + n o 2
n h 4 + o 2 -  n o 2 
n o 2 + 0 2 -  N 0 3
+ 17.8 
- 10.8 
-9 .0
EL, OL
Sulfur-oxidizers 
Photooxidation 
Dissimilatory ox. 
catalyzed by N 0 3 
catalyzed by Mn(IV) 
catalyzed by Fe(III)
C02 + H2S -  “CH20 ” + s°
h 2s + o 2 -  s o 4 
h 2s + n o 3 ->s° + n 2
H2S + Mn02 -  S° + Mn2+ 
H2S + Fe3+ -  S04 + Fe2+
+ 4.7 
-23.5
EL, OL 
OL, SL
Organic Carbon Oxidation 
Aerobic bacteria “CH20 ” + 0 2 - c o 2 + h 2o -29.9 EL, OL, SL
Denitrifiers 
Nitrate red.
Nitrite red.
Diss. nitrite red. 
catalyzed by H2S 
catalyzed by Mn2+ 
catalyzed by Fe2+
“CH20 ” + N 0 3 - c o 2 + n 2
n o 3 -  n o 2 
n o 2 -  n 2 
n o 2 -  n h 4 
n o 3 + h 2s - n 2 + s°
N 0 3 + Mn2+ -  N2 + Mn02 
N 0 3 + Fe2+ -N 2 + Fe(OH)2
-28.4 SL
Sulfur-reducers “CH20 ” + S04 - c o 2 + h 2s -6.1 SL
Methane fermenters “CH20 ” - c o 2 + c h 4 -5.6 SL, AL
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Bacterial Growth Dynamics
Heterotrophic bacterial growth in surface waters is supported by autochthonous 
autotrophic production as well as by inorganic nutrients, while growth in deeper waters is 
ultimately supported by that organic matter fixed in the upper water column and exported to 
depth; chemolithotrophic bacterial growth may be uncoupled from surface organic matter 
production. Observed bacterial standing stocks represent the balance between substrate- 
limited growth (“bottom-up” control) and predation (“top-down” control), while bacterial 
production reflects the incorporation of dissolved organic material (DOM) and inorganic 
nutrients into bacterial biomass (Weisse, 1991; Ducklow, 2000). Quantification of bacterial 
abundance and production in a given marine system is important in assessing biogeo chemical 
fluxes and the potential for the sequestration of constituents, particularly fixed carbon.
The main production mechanisms of DOM include exudation by phytoplankton, 
egestion by proto- and metazoan grazers, and viral lysis of phytoplankton and bacterial cells 
(Nagata, 2000). Dissolved organic matter that is readily utilized by bacteria (i.e., reactive 
DOM) on time scales of minutes to days is considered to be newly produced, while DOM that 
is resistant to bacterial degradation (i.e., refractory DOM) may be months to millenia in age 
(Carlson and Ducklow, 1996; Cherrier et al., 1999; Bauer 2002). Labile DOM is nitrogen- 
rich and characterized by low carbon-to-nitrogen (C:N) ratios relative to refractory DOM 
(Carlson, 2002). The potential for utilization or remineralization of growth substrates is 
determined primarily by the substrate C:N ratio: bacteria growing on low C:N ratio substrates 
will conserve carbon and remineralize nitrogen in the form of ammonium (Caron et al., 1988).
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In addition to assimilation of DOM, heterotrophic bacteria may synthesize macromolecules 
from inorganic nutrients (Wheeler and Kirchman, 1986). Bacterial growth efficiency (BGE), a 
measure of biomass production relative to substrate utilization, is generally lower in oligotrophic 
regions than in eutrophic coastal seas and estuaries, probably due to lower concentrations of 
inorganic nutrients and labile DOC (del Giorgio and Cole, 1998).
Heterotrophic bacteria may be a major sink for dissolved organic matter in marine 
environments (Ducklow et al., 1986), as well as serve as a link between DOM and higher 
trophic levels (the so-called “microbial loop”) (Azam et al., 1983). Protozoan bacterivores, 
including heterotrophic flagellates and ciliates, may in turn be grazed by microzooplankton; this 
process can indirectly facilitate DOM export by “packaging” bacterial biomass into fast-sinking 
fecal pellets (Strom, 2000). Top-down processes, such as grazing and viral infection, may 
remove bacterial biomass from the water column and thereby limit DOM uptake (Proctor and 
Fuhrman, 1990; Sanders et al., 1992; del Giorgio et al., 1996). It thus follows that substrate 
limitation may be more important in oligotrophic environments, while loss processes may 
dominate in eutrophic coastal seas and estuaries (Billen et al., 1990).
Research Objectives
The primary objective of this study was to examine bacterial properties in the Black 
Sea. Field surveys of microbial variables were conducted in 1999 and 2001 in the western and 
southern regions of the Black Sea, with particular effort focused on the Northwest Shelf and the 
Southwestern Gyre. Measurements included bacterial abundance and cell volume,
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incorporation rates, and dissolved organic carbon and nitrogen concentrations; these 
measurements yielded estimates of bacterial biomass, bacterial production, and specific growth 
rates.
Field sampling along a Shelf-Gyre transect (Fig. 1) was conducted to examine 
gradients in mixed-layer bacterial processes across these regions, which are hydrographically 
distinct. The Northwest Shelf receives nutrients and organic matter from several large rivers 
and estuaries (Fig. 1), and is relatively rich in autochthonous organic matter compared to the 
Southwestern Gyre; therefore, bacterial parameters are expected to increase from the Gyre and 
the Shelf.
At each field station, sampling was conducted to resolve variations in five 
hydrographically and biogeochemically distinct water layers: the mixed layer, the sub-mixed 
euphotic layer, the oxycline, the suboxic layer, and the upper anoxic zone (to 250 m) (Fig. 2). 
Throughout the oxycline, suboxic and upper anoxic layers, dissolved oxygen concentrations 
decrease to zero. As dissolved oxygen decreases, the microbial communities are expected to 
shift from aerobic metabolism to anaerobic metabolism. These layers are also characterized by 
intense microbially-mediated chemical transformations: nitrification in the oxycline, denitrification 
in the suboxic layer, and redox reactions at the suboxic-anoxic interface. Due to the different 
oxygen concentrations in these layers, the microbial communities sampled there are expected to 
have different energetic requirements and metabolic modes, and therefore different growth 
rates. Additionally, grazing pressure is expected to decrease in the oxycline compared to the 
surface layers, and should be very low in the suboxic and virtually absent in the anoxic layer.
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Specific research objectives include the survey of microbial processes in the Black Sea, 
both spatially and throughout the upper water column, and the testing of the following 
hypotheses:
1. Dissolved organic matter concentrations are elevated on the Northwest 
Shelf relative to the Southwestern Gyre due to increased allochthonous 
inputs onto the Shelf Additionally, the bulk DOC:DON ratio is lower 
on the Shelf, indicating a higher degree of lability compared to the Gyre.
2. Bacterial biomass and production rates increase along a transect from
the Gyre to the Shelf as organic matter concentrations increase.
3. Bacterial biomass and production rates vary between the oxycline,
suboxic, and upper anoxic layers due to shifts between more efficient 
(aerobic) and less efficient (anaerobic) metabolic modes, as well as 
decreased grazing pressure at low oxygen levels.
M a t e r ia l s  a n d  M e t h o d s  
Cruise Stations and Field Sampling
Research cruises to the Black Sea were conducted in September 1999, May 2001 and 
June 2001. The majority of sampling effort was focused in the Southwestern Gyre and along a 
transect from the basin northward to the Northwest Shelf (Fig. 1). During the September 1999 
cruise aboard the Turkish vessel R/VBilim , three stations were occupied: 1) Southwestern 
Coast (Station 0-1), located along the Rim Current at the Sakarya Canyon, approximately 40 
km north of the northern shore of Turkey, 2) Central Coast (Station 0-3), located along the
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Rim Current approximately 40 km from shore, and 3) Eastern Gyre (Station 0-2), located near 
the center of the Eastern Gyre of the Black Sea. During the 2001 cruise aboard the American 
vessel RJVKnorr ten stations (Table 2) were occupied in four regions: 1) Southwestern Coast 
(Stations 1-3, 1-5 and 2-14), 2) Southwestern Gyre (Stations 1-6 and 2-2), 3) Northwest 
Shelf, (Stations 2-3, 2-9, 2-7, and 2-5), and 4) Sevastopol Eddy (Station 2-12), located within 
the deep basin at the site of a small-scale anticyclonic cold-core eddy (surface temperature of 
13.5°C). The Southwestern Coast stations were situated along the Rim Current and shelf- 
break. The Northwest Shelf stations were situated along a transect from the Southwestern 
Gyre northward to the Rim Current and shelf-break, then northward onto the Shelf itself.
Hydrographic data and water samples for all stations were collected by a CTD 
(conductivity-temperature-depth probe) Rosette system equipped with 5- or 30-1 Niskin 
bottles. Dissolved oxygen (DO) and hydrogen sulfide (H2S) concentrations were determined 
by both volumetric methods (discrete samples) (S. Konovalov, MHI/Ukraine) and 
voltammetric methods (continuous pump profiles) (G. Friederich, MBARI), and dissolved 
inorganic nitrogen (DIN) (nitrate, nitrite and ammonium) concentrations were measured by 
auto-analyzer (S. Tugrul, IMS/METU/Turkey). Chlorophyll a measurements were made using 
spectrofluorometry (S. Tugrul, IMS/METU/Turkey) and primary production was measured by 
14C uptake (A. Yilmaz, IMS/METU/Turkey).
Seawater samples for bacterial stocks and rates were taken throughout the water 
column, with particular focus on the surface layers (mixed layer and sub-mixed euphotic layer), 
the oxycline, the suboxic layer, and the upper anoxic zone (Fig. 2). Layer depths were
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Table 2. Stations occupied during research cruises to the Black Sea aboard the R/VBilim  in 
1999 and R/VKnorr in 2001.
Station Date Location Depth
Northwest Shelf
St. 2-5, Shelf June 5, 2001 45° 54’ N, 31° 0 7 'E 31 m
St. 2-7, Shelf June 5, 2001 45° 23 'N, 31° 03' E 45 m
St. 2-9, Shelf-break June 6, 2001 44° 32 'N, 30° 5 8 'E 105 m
St. 2-3, Rim Current June 4, 2001 44° 08 'N, 30° 5 5 'E 480 m
Southwestern Gyre
St. 1-6, Gyre May 26-28, 2001 42° 30' N, 30° 4 6 'E 2200 m
St. 2-2, Gyre June 2-3, 2001 42° 30' N, 30° 4 6 'E 2200 m
Southwestern Coast
St. 1-5, Rim Current May 25, 2001 42° 00' N, 29° 56' E 2070 m
St. 1-3, Shelf-break May 24, 2001 41° 30 'N, 29° 15’E 320 m
St. 2-14, Shelf-break June 9, 2001 41° 27 'N, 30° 15'E 350 m
St. 0-1, Rim Current Sept. 23-24, 1999 41° 31'N, 30° 59’E -500 m
St. 0-3, Central Coast Sept. 28, 1999 42° 15’ N, 34° 45’E -500 m
Sevastopol Eddy
St. 2-12, Eddy June 7, 2001 44° 21 'N, 32° 0 4 'E 1300 m
Eastern Gyre
St. 0-2, Eastern Gyre Sept. 26-27, 1999 42° 45' N, 36° 45' E -2000 m
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determined from hydrographic data (salinity, temperature, and density) and dissolved oxygen 
and hydrogen sulfide concentrations. Surface layer water samples were taken at depths from 
60% incident light (~ 1 m) to 0.01% (30-45 m). Mid-layer water samples were taken at 
potential density intervals of 0.1 from 14.7 to 16.5, and deep water samples were taken at 500 
m, 1000 m, 1500 m and 2000 m. Water samples from sulfidic (anoxic) depths were handled 
gently to minimize aeration, using separate sampling containers from those used for oxic 
samples.
Measurements 
Bacterial Abundance and Cell Volume
Measurements of total bacterial abundance were estimated by acridine orange direct 
counts (AODC) with epifluorescence microscopy (Hobbie et al., 1977) for the September 
1999 cruise and flow cytometry (Ducklow et al., 2001) for the May and June 2001 cruises. 
Mean cell volume was estimated using video image analysis AODC (Bjomsen, 1986; Ducklow 
et a l, 1995) for all stations. Filamentous bacterial abundance and size distribution at suboxic 
and anoxic depths were estimated by AODC at the Southwestern Gyre.
Seawater samples for microscopy and image analysis were preserved in particle-free 
(0.2 pm filtered) 1.25% glutaraldehyde solution (Sigma-Aldrich) and kept refrigerated until 
slide preparation. Preserved samples were stained with 0.005% acridine orange solution (0.2 
pm filtered; Sigma-Aldrich) and filtered under low vacuum onto 25-mm black polycarbonate 
membrane filters (0.2 pm pore size; Poretics Corp.) backed by mixed ester filters (0.45 pm
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pore size) for even distribution of cells. Filtered volumes ranged from 5 to 50 ml, depending 
upon the cell concentration of the seawater samples, in order to achieve a sufficient cell density 
of 10-20 cells within the 24 x 24 pm video camera field of view. Prepared filters were 
mounted on microscope slides using Resolve® low viscosity immersion oil (Stephens Scientific) 
and stored at -80°C until analysis.
Cell abundance was enumerated with a Zeiss Axiophot epifluorescence microscope 
(1600x) using the AODC method; at least 300 cells per filter were visually counted. Slides 
were viewed under blue-light excitation (450-490 nm) using a 200 W mercury lamp, dichroic 
mirror (510 nm), and emission filter (520 nm). For cell volume estimation, the same 
microscope was equipped with a solid-state video camera (Photometries CH250 CCD) and 
used to capture digital images of the filters. Sufficient images were taken to measure at least 
300 cells per filter. Video images were processed and analyzed using ImagePro Plus image 
analysis software. Objects having a diameter less than 0.2 pm were automatically removed by 
the software. Apparent cell volumes were estimated from measurements of length, width, area 
and perimeter for each cell using bio volume algorithms (Ducklow et al., 1995).
Filamentous bacterial abundance was estimated using direct count under 1600x 
magnification. Filament length was estimated visually using a 10 x 10 ocular micrometer. At 
least 300 filaments were measured per filter across 5 size classes: 5-10 pm (mean volume of 
0.321 pm3), 10-20 pm (0.962 pm3), 20-30 pm (1.604 pm3), 30-50 pm (2.566 pm3) and 
greater than 50 pm (4.490 pm3) in length. Average filament width was determined via image 
analysis, and mean volumes were calculated from weighted size class averages.
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Seawater samples for flow cytometry were frozen in 4-ml cryogenic vials at -80°C until 
analysis. Samples were stained with SYTO 13 (a cyanine dye, 2.5 pM final concentration; 
Molecular Probes) for 10 minutes (Troussellier et al., 1999) and triplicate 1 ml subsamples 
were enumerated on a Beckman-Coulter Epics Altra flow cytometer equipped Expo32 
software. Stained cells were excited under blue light (488 nm) by a 250 mW Entreprise II 
laser. Normalization of cellular properties was ensured by spiking the subsamples with a 
standard mixture of fluorescent beads (1.1 pm; Molecular Probes) (H. Quinby, VIMS, pers. 
comm.).
Bacterial Incorporation Rates
Bacterial production rates were estimated using 3H-thymidine and 3H-leucine 
incorporation methods (Fuhrman and Azam, 1982; Kirchman et al., 1985; Smith and Azam, 
1992) for the May and June 2001 cruises. Surface (mixed and sub-mixed euphotic layers) 
seawater samples were incubated in dark bottles in an on-deck flow-through incubator at 
surface water temperatures for 2-4 hours; seawater samples from deeper layers were 
incubated within 1°C of the in situ temperature in the dark in refrigerated circulator baths for 4- 
24 hours. Time course incubations were performed to check linearity of incorporation over the 
hour incubation periods (see below). All water samples for incorporation rate measurements 
were handled carefully to avoid agitation and aeration; however, gas-tight conditions and 
dissolved oxygen measurements were not feasible for these small-scale radioisotope 
incubations and some degree of invasion by atmospheric oxygen concentrations was inevitable. 
Experiments were performed to investigate effects of sample manipulation on suboxic (<10
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1-iM in situ DO) and anoxic (0 pM in situ DO, > 0 pM in situ H2S) water samples (see 
below).
Subsamples of seawater (1.7-ml volume) were added to 2-ml microcentrifuge tubes 
preloaded with high specific activity methyl-3H-thymidine or 2,3-3H-leucine (86.9 Ci mmol'1 
TdR, 172 Ci mmol'1 Leu; New England Nuclear). Incubations were stopped with the addition 
of 5% trichloroacetic acid solution (TCA). For water column samples, 3.0 pi of TdR and 5.8 
pi of Leu were used for a final concentration of 20 nM. This concentration was shown to be 
saturating in separate incubation experiments (see below). Triplicate subsamples and duplicate 
blanks for both TdR and Leu were processed for each water sample; blank samples were 
prepared as above and killed with TCA before processing.
Following incubations, all samples were spun at 14,000 rpm for 7 minutes in a 
microcentrifuge, then the supernatant was aspirated from each sample. Samples were kept 
cold in ice-water baths between extractions. The microcentrifuge tubes containing the 
centrifuged pellet of TCA-precipitated DNA, RNA and proteins were then frozen at -80°C for 
transfer from the research vessel. In the laboratory sample tubes were thawed and extracted in 
5% TCA, spun and aspirated, then rinsed in 80% ethanol solution and spun and aspirated for a 
final time. The remaining pellets were resuspended in 1.5 ml of Ultima Gold liquid scintillation 
cocktail (Packard Instrument Co.) and the radioactivity of each sample (disintegrations per 
minute) was counted with a Wallac 1409 liquid scintillation counter after a period of 24 hours in 
the dark. Isotope incorporation rates were calculated as the average of the triplicate 
subsamples minus the average of the duplicate blanks.
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Dissolved Organic Carbon and Nitrogen
For the 1999 cruise, duplicate seawater samples for DOC were collected in pre­
combusted 20-ml borosilicate vials with teflon-lined caps and frozen at -80°C for transfer from 
the research vessel. In the laboratory, samples were thawed and filtered to remove any 
particulate fraction through 0.2 pM sterile Acrodisc filters using 10-ml plastic syringes. DOC 
analysis was performed by high temperature combustion (HTC) as described below (but with 
some modifications) using a Shimadzu TOC-5000 instrument (T. Lunsford, VIMS, pers. 
comm.). For the 2001 cruises DOC and DON concentrations were measured using a 
Shimadzu TOC-5000 HTC instrument by D. Hansell at the University of Miami, FL (Hansell 
and Carlson, 2001). Seawater samples were prefiltered to remove any particulate fraction 
through precombusted 47-mm GF/F filters attached directly to the Rosette Niskin bottles via 
silicone tubing, then frozen at -80°C for transfer from the research vessel. Water samples for 
DOC were acidified with hydrochloric acid to 2 pH and sparged with C 02-free oxygen to 
remove inorganic carbon. One hundred microliter subsamples were then manually injected into 
the combustion tube at 680°C. The resulting C 02 was measured using a nondispersive infrared 
detector (W. Chen, RSMAS-Miami, pers. comm.).
DON was calculated as the difference between total dissolved nitrogen (TDN) and 
dissolved inorganic nitrogen (DIN, described above). As in the DOC method, 100 pi 
subsamples for TDN were manually injected into the combustion tube at 900°C. The resulting 
nitric oxide was then reacted with ozone to produce chemiluminescence (Garside, 1985), which 
was detected by a photo-multiplier tube (W. Chen, pers. comm.).
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Experiments
Incorporation Assays
Isotope saturation and incubation time assays for TdR and Leu were conducted at the 
Southwestern Gyre (St. 1-6) for the surface (311 pM in situ DO) and suboxic layers (7.5 
pM). For the isotope-saturation assay samples were incubated at final TdR and Leu 
concentrations of 5, 10, 20, 40 and 80 nM for 2 hours (surface) or 6 hours (suboxic). For the 
incubation-time assay samples were incubated for 1, 2, 4, 8 and 12 hours at final TdR and Leu 
concentrations of 20 nM. Samples were processed as described above and incubated at in 
situ temperatures.
Oxygenation Experiments
The thymidine incorporation method described above is well studied and constrained in 
oxygenated marine systems, but may be inappropriate for suboxic and anoxic waters for 
several reasons: 1) some anaerobic bacteria (e.g., sulfate-reducers) have little or no ability to 
take up thymidine (Winding, 1992), 2) less labeled thymidine is incorporated into DNA under 
anaerobic conditions (0-50%) than under aerobic conditions (80%) (Pedros-Alio et al., 1993), 
and 3) significant amounts of labeled thymidine may be incorporated into proteins in addition to 
that incorporated into DNA (McDonough et al., 1986). While anaerobic leucine incorporation 
is likely to be comparable to aerobic measurements (McDonough et al., 1986), the conversion 
factors used to calculate both bacterial production (from leucine incorporation) and specific 
growth rates (from thymidine incorporation) are probably different for aerobic and anaerobic 
incubations (McDonough et al., 1986; Pedros-Alio et al., 1993). In general, use of the
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standard isotope incorporation methods under anaerobic conditions will underestimate both 
absolute incorporation rates and derived estimates of production and growth rates.
To examine the effects of altered ambient oxygen concentrations, aeration experiments 
were conducted in the Southwestern Gyre (St. 1-6) for the oxycline (169 pM in situ DO), 
suboxic (7.5 pM DO), and anoxic (0.0 pM DO) layers (Ducklow, 1993). For each water 
layer, six sets of samples were prepared at a final isotope concentration of 20 nM. Each set 
comprised 2 TdR blanks, 3 TdR live samples, 2 Leu blanks, and 3 Leu live samples, for a total 
of 60 samples. Two sets were killed and processed immediately at 0 hours. Another two sets 
were killed at 2 hours. At this time, the fifth set was repeatedly opened, closed and shaken to 
aerate the samples and saturate them with atmospheric oxygen. At 4 hours, this “aerated” set 
and the undisturbed “ambient” set were killed and processed.
To further test for processing effects on sample oxygen concentrations, incubations 
were performed in Hungate tubes (gas-tight, 10-ml volume, fitted with rubber caps) in the 
Southwestern Gyre (St. 2-2) for the surface (311 pM in situ DO), suboxic (6.0 pM DO), and 
anoxic (0.0 pM DO) layers. Water samples were drawn from the Rosette Niskin bottles using 
strict gas-tight handling methods; samples were sealed in Winkler bottles. Prior to use, the 
Hungate tubes were purged with pure nitrogen gas to remove any oxygen. Isotopes, sample 
water, and TCA were added to the Hungate tubes using syringes, with care taken to avoid 
oxygen contamination. Samples were incubated at in situ temperatures for 11 hours at 20 nM 
final isotope concentration. Once the incubations were killed, the handling method was relaxed
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and the samples were transferred to standard 2-ml microcentrifuge tubes and processed as 
above.
Seawater Incubations
Bacterial utilization of DOC was estimated by the increase in bacterial biomass and 
concomitant decrease in DOC concentration in whole seawater incubation experiments (Kroer, 
1993; Zweifel et al., 1993; del Giorgio and Cole, 2000). To estimate bacterial losses due to 
grazing, filtered seawater was also incubated. Incubation experiments were performed using 
surface water from the Southwestern Coast (St. 0-1), Southwestern Gyre (St. 2-2) and 
Northwest Shelf (St. 2-5), and using suboxic layer water in the Southwestern Gyre (St. 1-6).
All incubations were carried out in 2-1 polycarbonate bottles that were wrapped in duct 
tape to exclude light, soaked for 48 hours in 10% HC1 and rinsed with sample water. Each 
treatment was performed in duplicate. Surface water bottles were incubated on-deck, at 
ambient surface seawater temperatures, and suboxic water bottles were incubated in a 
refrigerator at 5°C. For the suboxic treatments (10.9 pM in situ DO), gas-tight conditions and 
DO measurements were not feasible and the incubations were allowed to equilibrate to 
atmospheric oxygen concentrations. For each whole seawater treatment, two liters of whole 
seawater was added directly to the incubation bottles. For each filtered seawater treatment, 
two liters of whole seawater was filtered via gravity through a 47-mm membrane filter (0.8 pm 
pore size); filters were changed every 0.5 liter to prevent cell damage due to clogging. A total 
of 16 incubations was performed (4 locations x 2 treatments x 2 replicates). Subsamples for 
bacterial abundance and DOC were taken initially and daily for the duration of the experiments.
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Conversion Factors and Growth Rates
For water column measurements, mean cell volume estimates were available and 
bacterial biomass (B) could be calculated as the product of flow cytometry bacterial abundance 
(Afc, cells l"1) and a cell volume-based carbon conversion factor (CCFV, fg C cell'1), that is, B 
= AFCx CCFV. The conversion factor was derived as CCFv = C x Vs, where V is the mean 
cell volume (|im3 cell'1), C is a biomass to volume conversion factor of 90 fg C [pm3]'1, and S is 
a scaling factor of 0.9 (Norland et al., 1987; Norland, 1993). For seawater incubations, 
where only direct count abundance (ADC, cells I"1) estimates were available, a standard carbon 
conversion factor (CCFS) of 20 fg C cell'1 was used (Lee and Fuhrman, 1987), and B = ADCx 
CCFS. This corresponds to a mean cell volume of 0.188 pm3 cell'1.
Water column bacterial carbon production (BCP) was assumed to be linearly related to 
leucine incorporation rates (IL, pmol l'1 h'1) via a leucine conversion factor (CFL) of 1.5 kg C 
[mol Leu]'1 (Simon and Azam, 1989) in the equation BCP = ILx CFL. Water column specific 
growth rates (p) were calculated as n  = ITx CFT/  AFC, where IT is the TdR incorporation rate 
(pmol l'1 h'1), CFT is the thymidine conversion factor of 2 x 1018 cells [mol TdR]'1 (Simon and 
Azam, 1989), and AFC is the bacterial abundance as above. Because empirical conversion 
factors were not determined, the same leucine and thymidine conversion factors were used for 
oxic, suboxic, and anoxic water layers; under anaerobic conditions, these conversion factors 
will underestimate production and growth rates (McDonough et al., 1986).
For seawater incubations BCP was calculated as the change in cell carbon over the 
duration of the incubation (At, days), where CCFS is as above, BCP = A x CCFs /  At.
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Bacterial growth efficiency (BGE) can then be calculated from the incubation-based BCP and 
the change in DOC over time as BGE = BCP /  ADOC. Incubation specific growth rates were 
calculated using the equation ju = In (At=F/A t=Q) /  At, where A is the direct count abundance at 
the final and initial timepoints, and At is as above.
Statistical Analyses
Trends in bacterial variables were examined along a transect of surface waters of the 
Southwestern Gyre and Northwest Shelf (Sts. 1-6, 2-3, 2-7, 2-9 and 2-5) (“transect analysis”) 
by linear regression using mixed layer samples over distance from the Southwestern Gyre 
station (Zar, 1996). To determine differences in the rate of increase (or decrease) of variables 
over distance, regressions were repeated using log-transformed values and 95% confidence 
intervals of the transformed slopes were calculated; non-overlapping intervals indicate 
significantly different parameters (Zar, 1996). Differences in bacterial variables between sub­
surface water layers (oxycline, suboxic, and upper anoxic layers) in the Southwestern Gyre 
(“water layer analysis”) were examined using pooled data from May and June 2001 (Sts. 1-6 
and 2-2) by a one-way analysis of variance test (ANOVA), with Tukey’s multiple comparisons 
tests to determine differences between layers (Underwood, 1981; Zar, 1996). Parameters that 
failed to meet the assumptions of normality and homogeneity of variance were log-transformed 
(Underwood, 1997).
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R e s u l t s
Station Characteristics
The thirteen stations occupied in this study represent five regions and two seasons (Fig. 
1, Table 2). Surface temperatures for the September 1999 stations (late-summer) were higher 
(20.9 to 22.3° C) than those of the May and June 2001 stations (early-summer, 13.4 to 
18.0°C) (Fig. 3a). The Northwest Shelf stations (S, Sts. 2-5 and 2-7) were characterized by 
low surface salinity (Table 3, Fig. 3b). The six Shelf-break stations (SB, Sts. 2-3, 1-3, 1-5, 
2-14, 0-1 and 0-3) had similar surface salinities (17.4 to 17.9 psu), while the Southwestern 
Gyre stations (WG, Sts. 1-6 and 2-2) had the highest salinities (18.1 psu). The anticyclonic 
cold-core Sevastopol Eddy (E, St. 2-12) was characterized by surface salinity similar to the 
Shelf-break stations and low surface temperature (13.4°C), and the Eastern Gyre (EG, St. 0-2) 
was characterized by surface salinity similar to the Southwestern Gyre and high surface 
temperature (20.9°C). Below the mixed layer, temperature decreased to less than 8°C in the 
cold intermediate layer (CIL, approximately 50 to 100 m) and increased to about 9°C for the 
remainder of the water column (Fig. 3a).
Mixed layer (ML) depths, defined by the depth where the temperature gradient relative 
to the surface is greater than 1.5°C, ranged from 14 m in the Southwestern Gyre to 30 m in the 
Sevastopol Eddy, and generally shoaled offshore (Table 4). Euphotic layer (EL) depths, 
based on 0.1% light levels, ranged from 30 to 55 m and were generally deeper at the late- 
summer stations. Dissolved oxygen concentrations (DO) decreased from the surface saturated 
values (> 250 pM) to zero at a ot of 16.2 kg m'3 (Figs. 3c, 4a). Nitrate concentrations were
30
Figure 3. Hydrographic properties. Shelf transect stations 2-5, 2-7, 2-9 and 2-3 (S, circles), 
Southwestern Gyres stations 1-6 and 2-2 (WG, triangles), Shelf-break and Rim Current 
stations 1-3, 1-5, 2-14, 0-1 and 0-3 (SB, squares), and Eddy (E) and Eastern Gyre (EG) 
stations 2-12 and 0-2 (diamonds), a) temperature, b) salinity, c) density. Reference lines are 
shown for at 14.5 (onset of oxycline), 15.4 (onset of suboxic layer) and 16.2 (onset of anoxic 
layer).
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Table 4. Layer depths in meters for all stations. Depths are defined as follows: Base of mixed 
layer by thermocline; base of sub-mixed euphotic layer by 0.1% light level; onset (upper 
boundary) of the oxycline layer at density of 14.5 at; onset of the suboxic layer at density of 
15.4 ot; onset of the upper anoxic zone at density of 16.2 at.
Station
Mixed
Layer
Base
Euphotic
Layer
Base
Oxycline
Layer
Onset
Suboxic
Layer
Onset
Upper Anoxic 
Layer 
Onset
Northwest Shelf
St. 2-5 16 31
St. 2-7 15 40
St. 2-9 28 30 75
St. 2-3 17 32 68 99 152
Southwestern Gyre
St. 1-6 14 43 51 77 122
St. 2-2 14 42 52 74 117
Southern Coast
St. 1-3 17 31 87 115 171
St. 1-5 21 36 60 85 130
St. 2-14 13 40 72 104 133
St. 0-1 24 55 59 91 155
St. 0-3 18 52 81 100 168
Sevastopol Eddy 
St. 2-12 30 34 74 100 154
Eastern Gyre 
St. 0-2 13 50 57 85 137
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Figure 4. Chemical properties. Variables are plotted against density, a) dissolved oxygen, b) 
hydrogen sulfide, c) nitrate. Reference lines are shown for at 14.5 (onset of oxycline), 15.4 
(onset of suboxic layer) and 16.2 (onset of anoxic layer). Oxygen data courtesy S. Konavolov 
(MHI/Ukraine) and G. Friederich (MBARI), chemical data courtesy S. Tugrul 
(IMS/METU/Turkey).
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low in the upper water column and increased at a at of approximately 14.5 kg nr3 to peak 
concentrations at around a at of 15.4 kg m'3 (Fig. 4c). The region where dissolved oxygen 
concentrations are decreasing can be subdivided into two biochemically distinct regions: the 
oxycline layer, where DO is decreasing and nitrate concentrations are increasing, and the 
suboxic layer, where DO further decreases and nitrate concentrations also decrease. Dissolved 
oxygen and nitrate are both absent below a at of 16.2 kg m'3, where hydrogen sulfide becomes 
measurable; sulfide and ammonium concentrations increase below this density (Fig. 4b).
The DO, hydrogen sulfide, and nitrate data define the depths of the onset of the 
oxycline (OL), suboxic (SL), and upper anoxic layers (AL) (Fig. 4, Table 4). The upper 
boundary of the oxycline layer (14.5 at) ranged from 51 m the Southwestern Gyre to 87 m at 
St. 1-3 on the Shelf-break. Sampled depths located between the base of the euphotic layer 
and density of 14.5 ot were considered to be part of the oxycline layer. The upper boundary of 
the suboxic layer (15.4 ot to 16.2 at) ranged from 74 m to 115 m, and the upper boundary of 
the anoxic layer (16.2 at) ranged from 117 to 171 m for those same stations. Generally, these 
layers were higher in the water column in the Gyre stations, and deepened shelfward. In order 
to compare stations with differing layer depths, biological data will be shown as a function of 
density (Tugrul et a i, 1992).
Surface concentrations of nitrate (Fig. 4c) and chlorophyll a were low for all stations 
(0.01 to 0.13 pM and <0.5 pg l'1, respectively) (Table 3). Phytoplankton biomass and 
primary production were variable and generally lower in the Southwestern Gyre compared to 
Shelf-break regions, and were higher in the late summer compared to early summer (Table 3).
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Bacterial Properties
Generally, surface bacterial measurements (abundance and incorporation rates) and 
derived variables (biomass, production, and specific growth rates) were lowest in the 
Southwestern Gyre (Sts. 1-6 and 2-2, Fig. 1) of the Black Sea and increased landward. The 
highest values occurred on the Northwest Shelf (Sts. 2-5 and 2-7, Fig. 1). Values decreased 
vertically between the surface layers (mixed and sub-mixed euphotic layers) and deeper layers 
(oxycline, suboxic, and upper anoxic layers). The differences in bacterial abundance between 
deeper layers were due to the presence of large filamentous bacteria. Dissolved organic 
carbon and nitrogen (DOC and DON) concentrations were elevated on the Northwest Shelf, 
while the DOC:DON ratio was constant. At the Gyre station, DOC concentrations decreased 
with depth, while DON concentrations were elevated in the suboxic layer.
Bacterial abundance
Surface bacterial abundance, measured by flow cytometry for the 2001 stations and 
direct count for the 1999 stations, was generally high (> 1 x 109 cells I"1 in the mixed and sub­
mixed euphotic layers) (Fig. 5), and increased landward from the Gyre to Shelf-break and 
Shelf regions. Mean mixed layer abundances were highest on the Northwest Shelf (2.9 x 109 
cells I'1, St. 2-7) (Fig. 5a) and lowest at the Sevastopol Eddy (0.9 x 109 cells l'1, St. 2-12) 
(Fig. 5b). Southwestern Gyre values were also relatively low (1.3 x 109 cells l'1, Sts. 1-6 and
2-2). Along the Shelf-Gyre transect, mixed layer abundances significantly increased landward 
(regression,/? < 0.0001, R2 = 57%) (Figs. 6, 7a). Surface abundances were intermediate at 
Shelf-break stations, ranging from 1.5 to 2.5 x 109 cells l'1 (Fig. 5b). During the late-summer
36
Figure 5. Bacterial abundance for all stations. Abundance estimated by flow cytometry 
(2001) or AODC (1999). Plotted against density. OL: oxycline layer; SL: suboxic layer; AL: 
anoxic layer, a) 2001 Shelf-Gyre transect stations, b) 2001 Shelf-break stations, c) 1999 
stations.
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Figure 6. Bacterial abundance for 2001 Shelf-Gyre transect stations. Plotted against depth. 
ML: mixed layer; EL: euphotic layer; OL: oxycline; SL: suboxic; AL: anoxic, a) Gyre, with 
filamentous cell abundance on different scale, b) Shelf-break, c) Northwest Shelf.
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Figure 7. Bacterial abundance regression and ANOVA results. Data for 2001 Gyre stations 
(1-6 and 2-2) and transect stations (2-5, 2-7, 2-9 and 2-3). a) regression of mixed layer 
samples over distance from Gyre, b) ANOVA means and standard errors, different letters 
indicate significant differences between layers.
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1999 cruise, abundances were similar to those during the early-summer 2001 cruises (Fig. 5c); 
Shelf-break abundances (1.98 x 109 cells l'1, Sts. 0-1 and 0-3) were higher than Eastern Gyre 
abundances (1.97 x 109 cells l"1, St. 0-2) , which were elevated compared to early-summer 
Southwestern Gyre values.
Bacterial abundances decreased with increasing depth (and density) through the sub­
mixed euphotic and oxycline layers for all stations (Figs. 5, 6). Mixed layer abundances were 
generally twofold greater than euphotic layer abundances, which were in turn 2.5 times greater 
than oxycline layer values (Fig. 5). Abundances decreased to subsurface minima (0.12 to 0.45 
x 109 cells l'1) within the suboxic layer, then increased through the anoxic layer. Anoxic layer 
abundances ranged from 0.4 to 0.9 x 109 cells l'1. At the Southwestern Gyre, where the most 
deep layer sampling occurred, oxycline abundances were significantly higher than suboxic 
values, and upper anoxic layer (16.2 at to 200 m) values were intermediate between them 
(one-way ANOVA, p  = 0.014) (Fig. 7b).
Throughout the water column, the bacterial assemblage was dominated by small rod- 
and cocci-shaped cells typical of marine environments (Fig. 8a). Interestingly, at all stations 
where suboxic and deeper waters were sampled, large filamentous bacteria were conspicuous 
(Fig. 8b). These cells appeared to be single cells, with a width similar to that of non- 
filamentous cells (ca 0.35 pm) but having lengths up to 100 pm. The abundance of filamentous 
cells increased with depth and comprised 5 to 10% of the total bacterial abundance (Table 5, 
Fig. 6a).
40
Figure 8. Bacterial assemblages. Acridine orange image analysis, 1600x magnification, bar 
indicates 10 pm. Southwestern Gyre St. 1-6, May 2001, a) typical upper water column 
assemblage (oxycline, 82 m) and b) typical deep assemblage with filamentous cells (anoxic 
layer, 120 m).
a)
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Table 5. Non-filamentous (NF) and filamentous (F) cell abundance, volume and biomass for 
the Southwestern Gyre (St. 1-6). Mean volumes for both cell types from image analysis. 
Values represent individual samples. §NF abundance based on flow cytometry. fF  abundance 
based on acridine orange direct count.
Depth Abundance
(108 cells f 1)
Mean Volume
(pm3 cell'1)
Biomass
(mg C m'3)
NF§ Ff NF F NF F NF + F
Suboxic Layer 
110m 4.14 0.26 0.042 0.800 2.14 1.89 4.03
114m 3.78 0.27 0.047 0.980 2.17 2.42 4.59
120 m 3.75 0.22 0.053 0.952 2.38 1.91 4.29
Upper Anoxic Layer 
125 m 3.49 0.33 0.066 0.924 2.74 2.76 5.50
150 m 3.98 0.30 0.051 0.807 2.46 2.25 4.71
163 m 3.74 0.30 0.054 0.888 2.45 2.45 4.90
Deep Basin 
500 m 3.04 0.35 0.067 0.718 2.40 2.37 4.77
1000 m 4.50 0.32 0.066 0.665 3.53 2.02 5.55
1500 m 5.19 0.49 0.056 0.690 3.50 3.15 6.65
2100 m 6.66 0.62 0.059 0.648 4.69 3.79 8.47
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Bacterial cell volume
Mean bacterial cell volumes were variable in the surface layers, ranging from 0.02 to 
0.05 pm3 cell'1 (Fig. 9). During the 1999 cruise, cell volumes tended to be higher than during 
the 2001 cruises (Fig. 9c); this may be due to greater amounts of small detrital particles seen in 
the 2001. Small (ca 0.2 pm diameter) and large (> 1 pm diameter) detrital particles were 
present in the surface layers for all stations; large particles are easily excluded from analysis due 
to irregular shapes, while small particles are indistinguishable from bacterial cells, resulting in 
underestimates of mean cell volumes. Cell volumes did not vary significantly with distance 
along the Shelf-Gyre transect (Figs. 10, 11a).
Cell volumes were generally uniform through the sub-mixed euphotic and oxycline 
layers for all stations (Figs. 9, 10). Non-filamentous cell volumes significantly increased within 
the suboxic layer (0.04 to 0.06 pm3 cell'1), and were highest in the anoxic layer (0.04 to 0.07 
pm3 cell'1) (Southwestern Gyre, one-way ANOVA, p  < 0.0001) (Fig. lib ). In these deeper 
layers, filamentous cells were present and had very large mean volumes, ranging from 0.65 to 
0.98 pm3 cell'1 (Table 5, Fig. 10a). Mean volumes of filamentous cells appeared to decrease 
with depth, due to the higher proportion of short filaments (5-10 pm length) in very deep 
samples.
Bacterial biomass
Bacterial biomass values were based on abundances and mean cell volumes for all 
stations, using allometric volume-based carbon conversion factors ranging from 2.8 to 7.8 fg C 
cell'1 for non-filamentous cells and 74 to 88 fg C cell'1 for filamentous cells. Surface bacterial
43
Figure 9. Mean cell volume for all stations. Non-filamentous cells only. Plotted against 
density. OL: oxycline; SL: suboxic; AL: anoxic, a) 2001 Shelf-Gyre transect, b) 2001 Shelf- 
break, c) 1999 stations.
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Figure 10. Mean cell volume for 2001 Shelf-Gyre transect stations. Plotted against depth.
ML: mixed; EL: euphotic; OL: oxycline; SL: suboxic; AL: anoxic, a) Gyre, with mean filament 
volume on different scale, b) Shelf-break, c) Northwest Shelf.
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Figure 11. Mean cell volume regression and ANOVA results. Data for 2001 Gyre stations 
(1-6 and 2-2) and transect stations (2-5, 2-7, 2-9 and 2-3). a) regression of mixed layer 
samples (non-filamentous) over distance from Gyre, b) ANOVA means and standard errors for 
analysis of non-filamentous (NF, solid) and pooled filamentous and non-filamentous (NF+F, 
patterned) cells, different letters indicate significant differences between layers.
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biomass was generally high (9 to 49% of phytoplankton biomass) (Table 6), and elevated at 
the late-summer 1999 stations (where phytoplankton biomass was also high) compared to 
early-summer 2001 values. During early-summer, integrated surface layer standing stocks 
were highest on the Northwest Shelf (211 to 236 mg C m'2) (Table 6, Fig. 12a).
Southwestern Gyre values (224 and 193 mg C m'2, Sts. 1-6 and 2-2) were relatively high 
compared to the Shelf-break stations, which ranged from 72 to 189 mg C m'2. Along the 
Shelf-Gyre transect, mixed layer biomass (mg C m'3) significantly increased landward 
(regression,/) < 0.0001, R2 = 56%) (Fig. 13a).
Bacterial biomass decreased with increasing depth through the oxycline and suboxic 
layers (Table 6, Figs. 12b,c,d), then increased in the anoxic layer (Fig. 12e). In the 
Southwestern Gyre biomass was significantly greater in the upper anoxic layer compared to the 
oxycline and suboxic layers (one-way ANOVA, p  = 0.002) (Fig. 13b). Biomass estimates for 
filamentous cells increased with depth and comprised 36 to 53% of the total bacterial biomass 
(Table 5, Figs. 12d,e).
Incorporation assays and oxygenation experiments 
Experiments were performed to determine the effects of duration, isotope 
concentration, and sample aeration for the Southwestern Gyre only, but these results are 
assumed to be applicable to other stations. Both thymidine and leucine incorporation were 
approximately linear over time in both surface and suboxic waters (Figs. 14a,b). Leucine 
incorporation assays showed rate saturation at 20 nM in both surface and suboxic water (Figs. 
15a,b), while thymidine incorporation was highest at 80 nM in the surface and 40 nM in the
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Figure 12. Depth-integrated bacterial biomass for all stations, a) mixed layer, b) euphotic 
layer, c) oxycline layer, d) suboxic layer, e) anoxic layer. Dashes indicate no data. Patterned 
bars indicate biomass of filamentous cells.
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Figure 13. Bacterial biomass regression and ANOVA results. Data for 2001 Gyre stations 
(1-6 and 2-2) and transect stations (2-5, 2-7, 2-9 and 2-3). a) regression of mixed layer 
samples over distance from Gyre, b) ANOVA means and standard errors, different letters 
indicate significant differences between layers.
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Figure 14. Incubation duration assay. Time-integrated isotope incorporation, 20 nM final 
concentration. 3H-thymidine: TdR, closed circles; 3H-leucine: Leu, open circles. Southwestern 
Gyre St. 1-6 a) surface (1 m, 18°C, [DO] = 311 pM) andb) suboxic layer (71 m, 8.7°C,
[DO] = 7.5 pM). Oxygen data courtesy S. Tugrul (IMS/METU/Turkey).
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Figure 15. Isotope saturation assay. Isotope incorporation rates, TdR: closed circles, Leu: 
open circles. Southwestern Gyre St. 1-6 a) surface (1 m, 18°C, 2 h) and b) suboxic layer (71 
m, 8.7°C, 4 h, [DO] = 7.5 pM). Oxygen data courtesy S. Tugrul (IMS/METU/Turkey).
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suboxic layer (Figs. 15a,b). This indicates that water column profile measurements, performed 
at 20 nM for both isotopes, are reasonable with respect to leucine-based rates, but may 
underestimate thymidine incorporation rates.
Aeration experiments in the oxycline, suboxic, and anoxic layers showed little difference 
in isotope incorporation for both thymidine and leucine (Figs. 16a,b,c), indicating that sample 
handling did not adversely affect incorporation estimates. A similar result was obtained using 
gas-tight Hungate tubes. Thymidine and leucine incorporation rates were similar to those from 
the standard method in surface, suboxic, and anoxic incubations (Fig. 17); however, data from 
the suboxic and anoxic water layers should be considered to be underestimates of the true 
heterotrophic activity due to the problems associated with anaerobic thymidine incorporation 
and anaerobic conversion factors for both thymidine and leucine (see above).
Isotope incorporation rates
Surface thymidine (TdR) and leucine (Leu) incorporation rates were generally high (5 to 
90 pM-TdR h'1 and 50 to 250 pM-Leu h'1, respectively) (Fig. 18), and increased landward 
from the Gyre to Shelf-break and Shelf regions. Mean mixed layer incorporation rates were 
highest on the Northwest Shelf (74 pM-TdR h'1 and 208 pM-Leu h'1, St. 2-5) (Figs. 18a,d) 
and lowest at the Southwestern Gyre (6.7 pM-TdR h'1 and 61 pM-Leu h’1, Sts. 1-6 and 2-2) 
(Figs. 18b,e). Along the Shelf-Gyre transect, mixed layer rates of both isotopes significantly 
increased landward (regressions,/? < 0.0001 for both, R2-TdR = 79%, R2-Lqu = 76%) (Figs.
19, 20, 21a). Incorporation rates at the Shelf-break stations were intermediate, ranging from
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Figure 16. Aeration experiments. Isotope incorporation rates, TdR: circles, Leu: squares, 
incubated at 8.7°C, 20 nM final concentration. Solid lines indicate ambient treatments, dashed 
lines indicate samples that were aerated at t=2 h. Southwestern Gyre St. 1-6 a) oxycline (59 
m, [DO] = 169 pM), b) suboxic layer (71 m, [DO] = 7.5 pM), and c) anoxic layer (117 m, 
[DO] = 0 pM). Oxygen data courtesy S. Tugrul (IMS/METU/Turkey).
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Figure 17. Gas-tight incubation experiments. Isotope incorporation rates, TdR: circles, Leu: 
squares, incubated at 8.7°C, 11 hours duration, 20 nM final concentration. Mean and standard 
deviations of replicate samples are shown. Solid bars indicate experimental treatments 
performed in gas-tight Hungate tubes; patterned bars indicate standard water column 
measurements. Southwestern Gyre St. 2-2 a) surface (1 m, 18.5°C, [DO] = 311 pM), b) 
suboxic layer (70 m, 6.7°C, [DO] = 6.0 pM), and c) anoxic layer (141 m, 6.7°C, [DO] = 0 
pM). Oxygen data courtesy S. Tugrul (IMS/METU/Turkey).
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Figure 18. Isotope incorporation rates for 2001 stations. Plotted against density. OL: 
oxycline layer; SL: suboxic layer; AL: anoxic layer. 3H-thymidine incorporation (TdR) a) 
Shelf transect, b) Gyre, and c) Shelf-break. 3H-leucine incorporation (Leu) d) Shelf transect, 
e) Gyre, and f) Shelf-break.
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Figure 19. 3H-thymidine (TdR) incorporation rates for 2001 Shelf-Gyre transect stations. 
Plotted against depth. ML: mixed; EL: euphotic; OL: oxycline; SL: suboxic; AL: anoxic, a) 
Gyre, b) Shelf-break, c) Northwest Shelf.
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Figure 20. 3H-leucine (Leu) incorporation rates for 2001 Shelf-Gyre transect stations. Plotted 
against depth. ML: mixed; EL: euphotic; OL: oxycline; SL: suboxic; AL: anoxic, a) Gyre, b) 
Shelf-break, c) Northwest Shelf.
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Figure 21. Isotope incorporation rate regression and ANOVA results. Data for 2001 Gyre 
stations (1-6 and 2-2) and transect stations (2-5, 2-7, 2-9 and 2-3). a) regression of mixed 
layer samples over distance from Gyre, TdR: closed circles, Leu: open circles, b) ANOVA 
means and standard errors for analysis of TdR and Leu, different letters indicate significant 
differences between layers.
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7.5 to 22 pM-TdR h'1 and from 63 to 118 pM-Leu h'1 (Fig. 18c,f). Incorporation 
measurements were not made on the 1999 cruise.
Incorporation rates decreased with increasing depth below the mixed layer for all 
stations (Figs. 18, 19, 20). Euphotic layer rates ranged from 3.0 to 8.8 pM-TdR h'1 and from 
23 to 58 pM-Leu h'1. Below the euphotic layer, rates were very low and uniform with depth. 
Measurements at depth were made on whole seawater samples, so any differences in 
incorporation rates between non-filamentous and filamentous bacteria could not be determined. 
At the Southwestern Gyre, thymidine incorporation rates did not significantly vary between 
deep water layers, while leucine incorporation rates in the oxycline were significantly higher than 
those in the suboxic and anoxic layers (one-way ANOVA, p  < 0.0001) (Fig. 21b).
Ratios of leucine to thymidine incorporation rates (Leu: TdR) were significantly higher at 
the Gyre (8.3 to 10.2) compared to the Shelf (3.0 to 3.4) (regression,/? < 0.0001, R2 = 77%) 
(Table 7). Ratios tended to be elevated in the euphotic layer compared to the surface. Below 
the euphotic layer, Leu: TdR ratios decreased significantly with depth (one-way ANOVA, p  < 
0.0001) and were higher in the oxycline (6.8 to 7.3) compared to the suboxic and anoxic layers 
(0.9 to 3.9) (Table 7).
Bacterial production
Bacterial production values were based on leucine incorporation for the 2001 stations, 
using a conversion factor of 1.5 kg C [mol Leu]'1. Surface bacterial production was generally 
high (12 to 56% of primary production) (Table 6). Integrated surface production rates were 
highest on the Northwest Shelf (140 mg C m'2 d"1, St. 2-5) (Table 6, Fig. 22a). Southwestern
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Table 7. Leu incorporation:TdR incorporation for May and June 2001 stations. Standard 
deviations are shown in italics, sample sizes are shown in parentheses; dashes indicate n = 1. 
n.d.: no data.
Station Mixed Layer Euphotic Oxycline Suboxic Upper Anoxic
Northwest Shelf 
St. 2-5
St. 2-7
St. 2-9
St. 2-3
3.0 ± 1.3 (4) 
3.4 ± 1.4 (2)
2.3 ± 0. 7 (2)
6.3 ± 1.5 (4)
6 . 8  ± 2.7 (2)  
6.3 ± 9.2 (2)  
n.d.
1.1 ± 7.3 (2)
9.5 ± 9.7 ft) 
3.9 ± 1. 6 (4) 2.9 ± 7 .0 (5) 1.0 ± 0.5 (2)
Southwestern Gyre
St. 1-6 10.2 ± 2.1 (6)
St. 2-2 8.3 ± 0.9 (6)
8.4 ±5.0 ft) 
11.0 ± 6.5 (2)
1.3 ± 4.7  (3)  
6 . 8  ± 4.1 (5)
3.9 ± 1.4 (8)  
3.1 ± 1. 6 (6)
2.1 ± 3 .4 (4)  
0.9
Southern Coast 
St. 1-3
St. 1-5
St. 2-14
1.1 ± 3 .8 (2)
1.3 ± 3.9  (3)
5.3 ± 0.8 (2)
9.2
8.3 ± 3 .9 (2)  
6.6
5.2
4.7
3.6 ± 7.7 (2)
6.0 ± 1.6 (4)  
4.3 ± 2.4  (5)
3.0 ± 0.9 (5)
4.0 ± 2.7 (3)  
1.5
3.1 ± 2.9  (2)
Sevastopol Eddy 
St. 2-12 8.4 ± 1.3 (3) n.d. 5 .1  ± 3.1 (5) 3.4 ± 1.9 (4) 1.7 ± 1. 7 (2)
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Figure 22. Depth-integrated bacterial production for 2001 stations, a) mixed layer, b) 
euphotic layer, c) oxycline layer, d) suboxic layer, e) anoxic layer. Dashes indicate no data.
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Gyre values (64 and 65 mg C m'2 d'1, Sts. 1-6 and 2-2) were similar to the Shelf-break 
stations, which ranged from 36 to 71 mg C m'2. Along the Shelf-Gyre transect, mixed layer 
production rates (mg C in 3 d'1) significantly increased landward (regression, p  < 0.0001, R2 = 
76%) (Fig. 23 a). Bacterial production rates decreased with increasing depth below the mixed 
layer (Table 6, Figs. 22b,c,d,e). At the Southwestern Gyre, production rates were 
significantly greater in the oxycline compared to the lower layers (one-way ANOVA, p  < 
0.0001) (Fig. 23b).
Bacterial growth rates
Instantaneous specific growth rates were based on non-filamentous cell abundances 
and thymidine incorporation for the 2001 stations, using a conversion factor of 2 x 1018 cells 
[mol TdR]'1. Mean mixed layer growth rates were highest on the Northwest Shelf (1.46 d'1, St. 
2-5) and lowest at the Southwestern Gyre (0.19 and 0.28 d'1, Sts. 1-6 and 2-2) (Table 8, Fig. 
24). Along the Shelf-Gyre, transect mixed layer growth rates significantly increased landward 
(regressions, p  < 0.0001, R2 = 73%) (Figs. 24, 25a). Shelf-break station surface rates were 
intermediate, ranging from 0.31 to 0.70 d'1 (Table 8). Growth rates decreased with increasing 
depth below the mixed layer for all stations (Table 8, Fig. 24). Euphotic layer rates ranged 
from 0.13 to 0.66 d'1. Deeper layer rates were very low, ranging from 0.01 to 0.29 d'1, and 
did not significantly vary between layers (Southwestern Gyre, ANOVA) (Fig. 25b).
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Figure 23. Bacterial production regression and ANOVA results. Data for 2001 Gyre stations 
(1-6 and 2-2) and transect stations (2-5, 2-7, 2-9 and 2-3). a) regression of mixed layer 
samples over distance from Gyre, b) ANOVA means and standard errors, different letters 
indicate significant differences between layers.
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Table 8. Mean specific growth rates (per day) for May and June 2001 stations. Rates are 
based on 3H-thymidine incorporation rates and cell abundance for non-filamentous cells. 
Standard deviations are shown in italics, sample sizes are shown in parentheses; dashes indicate 
n=  1. n.d.: no data.
Station Mixed Layer EuphoticLayer
Oxycline
Layer
Suboxic
Layer
Upper Anoxic 
Zone
Northwest Shelf
St. 2-5 1.46 ± 0.52 (4) Q A 0  ±0.15 (2)
St. 2-7 0.93 ±0.26(2) 0.13 ±0.12(2)
St. 2-9 1.17 ±0.35(2) n.d. 0.09 ±0.07(3)
St. 2-3 0.42±0.11(4) 0.22 ±0.19(2) 0.15 ± 0.06 (4) 0.15 ±0.08(5) 0.05 ±o.oi (2)
Southwestern Gyre
St. 1-6 0.19 ± 0.05 (5) 0.21 ± o.n (3) 0.10 0 A 0 ±  0.04 (8) 0.08 ±0.08(3)
St. 2-2 0.28 ±0.05(6) 0.17 ±0.10(2) 0.09 ±0.06(5) 0.07 ±0.03 (6) 0.02
Southern Coast
St. 1-3 0.31 ± 0.22 (2) 0.33 0.29 0.20 ±0.03 (4) 0.08 ± 0.04 (3)
St. 1-5 0.34 ±0.21(3) 0.30 ± 0.14 (2) 0.09 0.06 ±0.03 (5) 0.01
St. 2-14 0.70 ±0.07(2) 0.66 0.19 ±0.06(2) 0.23 ±0.09(5) 0.05 ±0.04(2)
Sevastopol Eddy
St. 2-12 OA2±o.06(3) n.d. 0.11 ±0.06(5) 0.09 ±0.07(4) 0.04 ±0.04(2)
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Figure 24. Specific growth rates for 2001 Shelf-Gyre transect stations. Rates are based on 
3H-thymidine incorporation and non-filamentous cell abundance. Plotted against depth. ML: 
mixed; EL: euphotic; OL: oxycline; SL: suboxic; AL: anoxic, a) Gyre , b) Shelf-break, c) 
Northwest Shelf.
C \J
10
o
LO
d
o o
CM in
T3,
0
CD
a:
$oI—
O
CO
cm ?  
CD ™
c/d cr.)
o
o
d
o oo o o
in o
CNI
o
CD  CMi i
r -  CM
CD CD 
£  £md
o
o
o o  o  
o  o
o o
o
om oo oin
cm m in o
CM
(iu) iftdaa
66
Figure 25. Specific growth rate regression and ANOVA results. Data for 2001 Gyre stations 
(1-6 and 2-2) and transect stations (2-5, 2-7, 2-9 and 2-3). a) regression of mixed layer 
samples over distance from Gyre, b) ANOVA means and standard errors, different letters 
indicate significant differences between layers.
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Dissolved Organic Matter Profiles
Surface dissolved organic carbon (DOC) and nitrogen (DON) concentrations were 
high (170 to 480 pM DOC and 8 to 16 pM DON, respectively) (Fig. 26), and increased 
landward from the Gyre to Shelf-break and Shelf regions. During the late-summer 1999 cruise, 
DOC measurements were made at one station only, and DON measurements were not made; 
these values were much higher than DOC values from the 2001 cruises (Fig. 26c) and may 
reflect differences in analytical method rather than actual concentration. Early-summer 2001 
mean mixed layer concentrations were highest on the Northwest Shelf (233 to 272 pM DOC 
and 14.5 to 15.0 pM DON, Sts. 2-5 and 2-7) (Figs. 26a,d) and lowest at the Southwestern 
Gyre (200 pM DOC and 10.9 pM DON, Sts. 1-6) (Figs. 26a,d). Along the Shelf-Gyre 
transect, mixed layer concentrations of both DOC and DON significantly increased landward 
(regressions, p-DOC = 0.002,p-DON < 0.0001, i?2-DOC = 50%, £ 2-DON = 62%) (Figs.
27, 28, 29a). Shelf-break station surface concentrations were intermediate, ranging from 211 
to 240 pM DOC and 10.5 to 12.4 pM DON (Fig. 26b,e).
The DOC and DON concentrations decreased with increasing depth below the mixed 
layer for all stations (Figs. 26, 27, 28). Euphotic layer concentrations ranged from 189 to 203 
pM and 10.4 to 12.6 pM for DOC and DON, respectively. Below the euphotic layer DOC 
concentrations decreased through the deeper water layers to about 118 pM. DON 
concentrations also decreased with depth to about 4.7 pM, but with much greater variability 
compared to DOC; peaks of DON in the suboxic layer were observed at several stations 
(Figs. 26d,e, 28). Deep values for DON are based on the difference between total dissolved
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Figure 26. Dissolved organic matter concentrations for all stations. Plotted against density. 
OL: oxycline; SL: suboxic; AL: anoxic. Dissolved organic carbon (DOC) a) 2001 Shelf-Gyre 
transect, b) 2001 Shelf-break, and c) 1999 Shelf-break. Dissolved organic nitrogen (DON) d) 
2001 Shelf-Gyre transect, and e) 2001 Shelf-break.
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Figure 27. Dissolved organic carbon (DOC) concentrations for 2001 Shelf-Gyre transect 
stations. Plotted against depth. ML: mixed; EL: euphotic; OL: oxycline; SL: suboxic; AL: 
anoxic. Dashed lines indicate minimum deep basin concentration of 117.5 pM. a) Gyre, b) 
Shelf-break, c) Northwest Shelf.
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Figure 28. Dissolved organic nitrogen (DON) concentrations for 2001 Shelf-Gyre transect 
stations. Plotted against depth. ML: mixed; EL: euphotic; OL: oxycline; SL: suboxic; AL: 
anoxic. Dashed lines indicate minimum deep basin concentration of 4.73 pM. a) Gyre, b) 
Shelf-break, c) Northwest Shelf.
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Figure 29. Dissolved organic matter regression and ANOVA results. Data for 2001 Gyre 
stations (1-6 and 2-2) and transect stations (2-5, 2-7, 2-9 and 2-3). a) regression o f mixed 
layer samples over distance from Gyre, DOC: closed circles, DON: open circles, b) ANOVA 
means and standard errors for analysis of DOC and DON, different letters indicate significant 
differences between layers, only one sample was available in the oxycline.
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nitrogen (TDN) and ammonium concentrations (nitrate and nitrate are absent), which are very 
high and in some cases exceeded TDN, causing low sensitivity among DON measurements. In 
the Southwestern Gyre DOC in the suboxic layer was significantly higher in anoxic layer (one­
way ANOVA, p  =0.47), while DON did not significantly vary between deep water layers (Fig. 
29b). Due to a sample size of one in the oxycline, differences between the oxycline and deeper 
layers could not be determined.
Ratios of bulk DOC to DON concentrations (DOC: DON) in surface waters were high 
(15.5 to 21.3) and did not significantly different along the Shelf-Gyre transect (Table 9).
Below the euphotic layer, bulk DOCiDON ratios were variable (14.4 to 31.0) but no 
significant difference between water layers was detected (Table 9). Given deep basin values 
of DOC and DON (117.5 pM and 4.73 pM, respectively), the in situ semi-labile fraction of 
the DOM can be calculated as the difference between the in situ bulk DOM concentrations 
and the deep values (Carlson, 2002) (Figs. 27, 28; the portion of the DOM curves above the 
dashed lines indicates the semi-labile fraction). Ratios of semi-labile DOC:DON (Table 10) 
were lower than those o f the bulk DOM (Table 9) for all samples. In surface waters, ratios 
ranged from 13.3 to 19.0 and did not significantly different along the Shelf-Gyre transect 
(Table 10). Below the euphotic layer, semi-labile DOC:DON ratios were variable (2.7 to 
17.5) but no significant difference between water layers was detected (Table 10).
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Table 9. Bulk DOC:DON for May and June 2001 stations. Standard deviations are shown in 
italics, sample sizes are shown in parentheses; dashes indicate n = 1. n.d.: no data.
Station Mixed Layer Euphotic Oxycline Suboxic Upper Anoxic
Northwest Shelf
St. 2-5 15.5 ± 1.1 0 (4) 16.0 ± 0.27  (2)
St. 2-7 18.1 ± 1.51 (2) 18.6  ± 0.43  (2)
St. 2-9 20.6 ± 0.68  (2) n.d. 19.1 ± 3 .1 6 (3)
St. 2-3 21.3 ± 1.9 0 (4) 16.5 ± 0. 7 5 (2) 21.4 ± 4.22  (3) 15.7 ± 2.58  (5) 18.3 ± 4 . 6 5 (2)
Southwestern Gyre
St. 1-6 18.3 ± 0.8 4 (5) 18.1 ± 0.2 6 (3) 18.4 20.6 ± 1.8 6 (8) 20.6 ± 2.23  (3)
St. 2-2 n.d. n.d. n.d. n.d. n.d.
Southern Coast 
St. 1-3 n.d. n.d. n.d. n.d. n.d.
St. 1-5 20.6 ± 2 .4 8 (2) 17.5 ± 0.50  (2) n.d. 21.3 ± 1.9 9 (4) 31.0
St. 2-14 17.9 ± 0.5 5 (2) 19.3 20.0 ± 0.4 4 (2) 20.4 ± 1.2 6 (5) 14.4 ± 4.5 4 (2)
Sevastopol Eddy
St. 2-12 20.0 ± 0.8 4 (2) n.d. 20.4 ± 3.67  (3) 23.8 ± 5 .8 4 (3) 17.1 ± 2 .5 3 (2)
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Table 10. Semi-labile DOC:DON for May and June 2001 stations. The semi-labile fraction is 
calculated as the difference between the total amount and the deep basin value (117.5 pM 
DOC or 4.73 |iM DON). Standard deviations are shown in italics, sample sizes are shown in 
parentheses; dashes indicate n = 1. n.d.: no data.
Station Mixed Layer Euphotic Oxycline Suboxic Upper Anoxic
Northwest Shelf
St. 2-5 11.3 ±1.21(4)
\
10.7 ± 0.3 7 (2)
St. 2-7 \5.1 ± 2.1 0 (2) 13.1 ± 0.58  (2)
St. 2-9 17.2 ± 1.2 1 (2) n.d. 12.7 ± 6.0 4 (3)
St. 2-3 19.0 ± 2 .9 3 (4) 11.1 ± 0.8 6 (2) 1 1 .5  ± 10.2 (3) 4.2 ± 2 .1 8 (5) 4 .6  ± 3.97  (2)
Southwestern Gyre
St. 1-6 13.3 ± 1.0 8 (5) 12.5 ± 0.3 7 (3) 9.9 10.3 ± 4.9 6 (8) 5.9 ± 3 .8 5 (3)
St. 2-2 n.d. n.d. n.d. n.d. n.d.
Southern Coast 
St. 1-3 n.d. n.d. n.d. n.d. n.d.
St. 1-5 17.9  ± 3.61 (2) 12.4 ± 0.6 0 (2) n.d. 12.8 ± 5 .4 6 (4) n.d.
St. 2-14 13.6 ± 0. 7 1 (2) 14.6 11.7 ± 1.1 9 (2) 10.2 ± 2 .4 2 (5) 2.1 ± 1-9 9 (2)
Sevastopol Eddy
St. 2-12 16.2 ± 1.26  (2) n.d. 14.9 ± 6.8 1 (3) 7.0 ± 3.18  (2) 5.1 ± 1.9 3 (2)
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DOC Utilization Incubations
Bacterial DOC utilization experiments were largely unsuccessful, in that many of the 
incubations failed to yield estimates of bacterial growth efficiency (BGE) due to failure to detect 
net bacterial growth or net DOC removal in some experiments (Table II). Variability 
between replicate incubations was high in terms of both bacterial abundance and DOC 
concentration, and between whole (W) and filtered (F) treatments. Calculated growth rates 
ranged from 0.01 to 0.06 d'1 in the 2001 Northwest Shelf and Southwestern Gyre experiments, 
and were highest at the 1999 Shelf-break station (0.07 to 0.29 d'1). Bacterial growth efficiency 
was generally low (1 to 6%) except in the Gyre suboxic experiment (up to 38%); the mean 
value for all Southwestern Gyre experiments was 18.4%.
In the 1999 Southern Coast (St. 0-1) surface experiment, abundance increased in all 
treatments (Fig. 30a), while DOC decreased in three of the treatments and increased in the FI 
treatment (Fig. 30b). In the W2 treatment, initial bacterial abundance was much higher than in 
the other treatments, and initial DOC concentration was higher in both whole treatments 
compared to the filtered treatments. Specific growth rates ranged from 0.07 d'1 (W2) to 0.29 
d_1 (F2), and BGE ranged from 1 to 6% (Table 11).
In the 2001 Northwest Shelf (St. 2-5) surface experiment, abundance increased in the 
whole treatments only (Fig. 31a), while DOC increased in all treatments (Fig. 31b). Initial 
abundance was higher in both whole treatments than the filtered treatments, while the initial 
DOC concentration in the FI treatment was lower than the other treatments. Specific growth 
rates in the whole treatments were very low (0.03 d'1 and 0.02 d"1 for W1 and W2,
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Figure 30. Southwestern Coast surface utilization experiment. Station 0-1, 1 m, 24.5°C, 17.9
psu. Solid lines indicate whole seawater treatments; dashed lines indicate filtered (0.8 pm)
treatments, a) bacterial abundance and b) DOC concentration.
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Figure 31. Northwest Shelf surface utilization experiment. Station 2-5, 1 m, 15.9°C, 14.5
psu. Solid lines indicate whole (W) seawater treatments; dashed lines indicate filtered (0.8 pm,
F) treatments, a) bacterial abundance and b) DOC concentration.
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respectively), and BGE could not be calculated (Table 11). Compared to thymidine-based in 
situ growth rate estimates (mean of 1.46 d'1; see Table 8), the incubation-based rates are very 
low and indicate significant experimental artefacts.
A similar result was obtained in the Southwestern Gyre (St. 2-2) surface experiment, 
where abundance increased in one replicate for both whole (Wl) and filtered (FI) treatments 
(Fig. 32a), while DOC decreased in only one of the filtered treatments (Fig. 32b). Initial 
abundance was higher in both whole treatments than the filtered treatments; initial DOC 
concentrations were not measured. Only one of the filtered treatments yielded an estimates of 
BGE (1% in FI). Specific growth rates in the successful treatments were very low (0.01 d'1) 
(Table 11) compared to in situ estimates (mean of 0.19 d'1) (Table 8).
In the Gyre suboxic layer experiment, abundance increased and DOC decreased in all 
treatments (Fig. 33a,b). Initial bacterial abundance was higher in the whole treatments 
compared to the filtered treatments, and initial DOC concentration was much higher in one 
filtered (FI) treatments. Specific growth rates ranged from 0.03 d'1 (F2) to 0.06 d'1 (F2) 
(Table 11); these rates were low but comparable to in situ estimates, which ranged from 0.04 
to 0.13 d'1 for the suboxic layer (mean of 0.10 d'1) (Table 8). In one whole treatment, BGE 
was 33%, and ranged from 1 to 38% in the filtered treatments (Table 11). While the suboxic 
treatments exhibited measurable growth and utilization, it is likely that these results reflect 
experimental artefacts: the suboxic water samples (10.9 pM in situ DO) were allowed to 
equilibrate with atmospheric oxygen concentrations over the course of the experiment. Under 
these conditions, any facultative anaerobes from the suboxic layer could take advantage of the
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Figure 32. Southwestern Gyre surface utilization experiment. Station 2-2, 1 m, 17.5°C, 18.1
psu. Solid lines indicate whole (W) seawater treatments; dashed lines indicate filtered (0.8 pm,
F) treatments, a) bacterial abundance and b) DOC concentration.
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Figure 33. Southwestern Gyre suboxic layer utilization experiment. Station 1-6, 74 m, 7.9°C,
19.8 psu, [DO] = 10.9 pM. Solid lines indicate whole (W) seawater treatments; dashed lines
indicate filtered (0.8 pm, F) treatments, a) bacterial abundance and b) DOC concentration.
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aerobic conditions (as shown by stimulated growth and utilization), while obligate anaerobes 
would be severely inhibited by the high ambient oxygen concentrations.
D is c u s s io n  
Microbial Dynamics of the Northwest Shelf
While phytoplankton data were unavailable for the shelf stations, previous research and 
satellite imagery suggest that the region is extremely productive, with high phytoplankton 
standing stocks (1 to 4 mg Chi -a m~3) (Barale et al., 2002; Oguz et al., 2002) and high rates 
of photosynthesis (20 to 350 mg C m'3 d'1) (Becquevort et al., 2002) and bacterial production 
(15 to 60 mg C m'3 d'1) (Vinogradov et al., 1998; Sorokin, 2002). The Northwest Shelf 
receives riverine and estuarine inputs of inorganic nutrients and organic matter which, in 
conjunction with reduced water flow (due to river management), have contributed to the 
condition of eutrophication throughout the Black Sea (Aubrey et al., 1996). Over the past 40 
years the shelf region has experienced significant shifts in both the phytoplankton and 
zooplankton dynamics, as well as widespread periodic bottom hypoxia and anoxia during the 
summer months (Zaitsev, 1992; Gregoire et al., 1998).
Prior to eutrophication, the phytoplankton dynamics of the Northwest Shelf were 
characterized by diatom blooms in the spring and autumn blooms of coccolithophorids (Sur et 
al., 1996). Increases of both the frequency of monospecific blooms (Bodeanu, 1995; 
Moncheva and Krastev, 1997) and the total phytoplankton biomass (up to an order of 
magnitude greater) have been observed throughout the year (Zaitsev, 1992; Vinogradov et a l,
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1998). Researchers have recently observed winter blooms of diatoms, small phytoflagellate 
blooms in the late spring, and summer blooms of dinoflagellates and coccolithophorids 
(Gregoire et a l, 1998; Eker-Develi and Kideys, 2003). Moncheva et al. (2001) found 
evidence for silicate limitation during the late spring, and suggested that the increased strength of 
the spring diatom bloom, compared to previous decades, has resulted in the shift from diatom 
to dinoflagellate species during the early summer.
As with the phytoplankton, the zooplankton communities of the Northwest Shelf 
displayed dramatic changes following eutrophication. Total microzooplankton biomass 
decreased by a factor of about five, while the abundance of the opportunistic medusa Aurelia 
aurita and the invader ctenophores Mneimiopsis leydi and Beroe spp. increased (Aubrey et 
al., 1996; Kideys, 2002). Vinogradov et al. (1998) suggested that during the period of 
increasing eutrophication, phytoplankton standing stocks increased not only as a response to 
increasing nutrient concentrations, but also to the widescale decrease in zooplankton grazer 
abundance.
Sorokin et al. (1995) reported very high surface bacterial standing stocks ranging from 
80 to 90 mg C m’3 on the Northwest Shelf. Bouvier et al. (1998) found lower summer 
bacterial biomass ranging from 20 to 54 mg C m'3 in the Danube mixing zone and from 14 to 19 
mg C m‘3 in the open portion of the Shelf. Similarly, Becquevort et al. (2002) reported 
relatively low biomass values on the open Shelf during spring and summer ranging from 5.6 to 
26.7 mg C m'3. In this study, surface bacterial abundance on the Northwest Shelf (Sts. 2-5 and 
2-7) during the early summer ranged from 2.4 to 2.9 x 109 cells I'1, and biomass ranged from
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10.9 to 14.1 mg C m'3. While these values fall within the lower range of the previous studies, 
which included more near-shore stations, they are generally much higher than values for the 
shelf-break and central basins (Fig. 12 a) (Table 12).
Along the Russian coast, Selifonova and Lukina (2001) observed total daily respiration 
rates ranging from 0.08 to 0.32 mg 0 2 l'1. Sorokin et al. (1995) reported heterotrophic 
bacterial production rates (measured by dark 14C-bicarbonate uptake) ranging from 14.6 to
55.6 mg C m'3 d*1 on the Northwest Shelf, while Becquevort et al. (2002) found lower 
thymidine-based bacterial production rates ranging from 0.4 to 23.3 mg C m'3 d*1 and specific 
growth rates ranging from 0.03 to 1.1 d'1; these studies represent the majority of modem 
bacterial rate measurements in the coastal Black Sea. In this study, bacterial production (5.2 to
9.1 mg C m 3 d*1) was estimated from 3H-leucine incorporation rates (140 to 246 pM-Leu h'1), 
while specific growth rates (0.7 to 1.8 d'1) were estimated from 3H-thymidine incorporation 
rates (36 to 93 pM-TdR h'1). As with the abundance and biomass data, the present production 
measurements fall within the lower range of published values (Table 12).
In order to better constrain these microbial parameters, more measurements using 
uniform methodologies are required, with better seasonal coverage and finer spatial resolution 
across the shelf and shelf-break regions. One source of variability in production estimates 
derives from the conversion factors used to relate isotope incorporation rates to carbon 
assimilation rates. In this study, production estimates are derived from leucine incorporation 
into protein due to a well-constrained leucine conversion factor of 1.5 kg C [mol Leu]'1 (Simon 
and Azam, 1989). Specific growth rates were calculated using a published thymidine
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Table 12. Mean microbial properties in the Black Sea and other estuarine, oceanic and 
hypoxic regions. Standing stocks are biomass (mg C m'3) except where noted. Production 
rates are bacterial production (mg C m'3 d'1) except where noted. DOC: dissolved organic 
carbon. § Hypoxic waters below 200 m. || Meromictic, anoxic soda lake. JMonomictic, 
anoxic freshwater lake, f  Bacterial abundance (109 cells I"1). * Thymidine incorporation rate 
(pM-TdR l'1 h*1).
Region Standing Production Growth DOC Reference
(mg C m 3) (mg C m'3 d'1) (d-1) (pM)
York River, VA 28 48 1.6 370 Schultz, 1999
Sargasso Sea 11.4 4.2 0.4 64 Countway, 1999
Equatorial Pacific 11.3 1.8 0.15 67 Ducklow e t  a l ., 1992
Northwestern Indian Ocean§
Surface 1.3f 5.0* - Ducklow, 1993
Oxycline 0.5t 0.5* - - Ducklow, 1993
Suboxic Zone 0.3 f 0.1* - - Ducklow, 1993
Mono Lake, CA||
Surface 6f - - 92 Humayoun e t  a l ,  2003
Oxycline 5 t - - 167 Humayoun e t  a l ,  2003
Anoxic Zone 15f - - 125 Humayoun e t  a l ., 2003
Lake Vechten, Netherlands £
Surface 7t 10* - Bloem e t a l . ,  1989
Oxycline 5t 30* - - Bloem e t a l . ,  1989
Anoxic Zone 7t 3* - - Bloem e t a l . ,  1989
Lake Oglethorpe, GAt
Surface 6 t 30* McDonough e t a l . ,  1986
Oxycline 14f 8* - - McDonough e t  a l . , 1986
Anoxic Zone 12f 3* - - McDonough e t  a l . , 1986
Black Sea
Danube Mouth 25.6 23.3 0.89 244 Becquevort e t  a l . , 2002
Northwest Shelf 18.5 8.7 0;45 230 Becquevort e t  al., 2002
12.5 7.7 1.46 250 This Study
Southwestern Gyre
Surface 27 14 - - Sorokin e t  a l ,  1995
33 - - - Bird and Karl, 1991
- 18.2 - 92 Karl and Knauer, 1991
6.3 2.0 0.23 196 This Study
Oxycline 7.5 - - Sorokin e t a l . ,  1995
1.9 0.3 0.09 153 This Study
Suboxic Zone 7.5 - - - Bird and Karl, 1991
- 4.4 - 54 Karl and Knauer, 1991
1.4 0.06 0.08 137 This Study
Anoxic Zone 15.5 0.2 - - Sorokin e t  a l . , 1995
- 3.0 - 63 Karl and Knauer, 1991
2.5 0.05 0.07 125 This Study
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conversion factor of 2 x 1018 cells [mol TdR]'1 (Simon and Azam, 1989) as opposed to a 
empirically derived carbon conversion factor (Ducklow et a l, 1992). Culture experiments to 
determine in situ conversion factors should be conducted to further constrain growth rate 
estimates for the Northwest Shelf.
Torgunova (1994) found very high surface DOC concentrations (> 750 pM) at the 
Danube river mouth compared to coastal regions (420 to 580 pM), while Becquevort et al. 
(2002) reported relatively lower values for the Danube mouth (192 to 325 pM.) and Shelf 
(183 to 300 pM.), respectively. In this study, mixed layer DOC concentrations ranged from 
226 to 284 pM, and DON concentrations ranged from 14.0 to 16.4 pM. These DOC values 
are much lower than the older published values, but fall well within the range of more recent 
research (Table 12); this difference over time is probably due to problems with earlier DOC 
analytical methods (Tugrul, 1993) and should not be interpreted as a significant decrease in the 
concentration of DOC across the entire Northwest Shelf.
Along the Russian coast, Selifonova and Lukina (2001) estimated the annual average 
labile DOC concentration to be about 108 pM and comprised about 39% of the total DOC.
At the Danube mixing zone, Becquevort et al. (2002) estimated the labile fraction of the DOC 
to be 9% of the bulk DOC pool. While DOM lability was not measured directly in this study, 
the ratio of bulk DOC.DON ranged from 14.4 to 18.8 (Table 9), similar to refractory marine 
DOM (~ 15) and well outside the ranges of labile marine DOM (< 6) and terrestrial humic 
DOM (> 20) (Nagata, 2000; Carlson, 2002). Compared to the bulk pool, the semi-labile 
DOC:DON ratios for the Northwest Shelf were lower (ranging from 10.1 to 16.1) (Table 10),
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indicating an autochthonous source in addition to regenerative (utilization) processes. These 
results are consistent with previous studies, and, together with elevated bacterial abundance and 
production, reflect enhanced microbial activity on the Northwest Shelf.
Shelf-Basin Gradients in Surface Properties
Aubrey et a l (1996) suggest that the hydrological fronts associated with the Danube 
river plume and the riverine anthropogenic nutrient load support enhanced biological activity on 
the Northwest Shelf. Across the shelf break and continental slope, downwelling of nutrient-rich 
shelf waters occurs as well as coastal upwelling of basin water (Aubrey et a l, 1996). 
Additionally, filaments, meanders and offshore jets advect surface shelf waters into the central 
gyres (Oguz et a l, 2002). Thus, even though the Rim Current generally isolates this center 
region from shelf water (Oguz et a l, 1994), physical processes distribute anthropogenic 
nutrients and organic matter between the shelf and basin regions (Aubrey et a l, 1996).
In the Southwestern Gyre, Bird and Karl (1991) found surface layer bacterial 
abundances of about 0.09 x 109 cells l'1, while Sorokin et a l  (1995) reported higher 
abundances ranging from 0.9 to 1.63 x 109 cells l'1. In this study, surface bacterial abundance 
was comparable to the latter study, ranging from 1.13 to 1.72 x 109 cells l'1. Karl and Knauer 
(1991) reported heterotrophic bacterial production rates ranging from 19.0 to 21.7 mg C m'3 d'
1 (measured by difference of 14C-bicarbonate uptake and 3H-adenine incorporation), while 
Sorokin et a l (1995), during late summer and early autumn, found lower bacterial production 
rates ranging from 4.0 to 12.8 mg C m'3 d'1 (measured by size-fractionated dark 14C-
bicarbonate uptake). In this study, surface in situ bacterial production (based on 3H-leucine 
incorporation) was lower, ranging from 1.96 to 2.52 mg C m'3 d'1; given methodological 
differences between these studies, and the high spatial and temporal variability between 
stations, the present rates can be considered as low early summer (post-bloom) estimates 
(Table 12). As noted above, more measurements over seasonal time-scales are required to 
better constrain bacterial abundance and production estimates for the Southwestern Gyre.
Bouvier et al. (1998) measured the abundances of mixotrophic and heterotrophic 
protozoa (including ciliates, dinoflagellates, and flagellates) on the Northwest Shelf; the total 
protozoan biomass ranged from 9 to 224 mg C rn3. Aplastidic protozoan abundance was 
highest near the coast, and decreased seaward, while mixotrophic abundance was more 
variable and peaked in the Danube plume region. The same authors also measured daily 
ingestion rates (bacterivory) ranging from 0.07 to 4.76 mg C m'3 d'1 for ciliates and 0.79 to
12.1 mg C in 3 d*1 for flagellates. Specific bacterial ingestion rates were variable and generally 
decreased with distance offshore. Few data on bacterivore abundance and grazing rates are 
available for the Southwestern Gyre, but Murzov and Caron (1996), working in the Eastern 
Gyre, reported significant abundances of free-living amoebae and surface biomasses of 
heterotrophic nanoplankton ranging from 15 to 80 mg m'3. Bacterial abundance and 
incorporation rates significantly increased landward along a transect from the Southwestern 
Gyre to the Northwest Shelf (Table 13), suggesting that the bacterial assemblages in these 
regions may experience different magnitudes of controls on growth (substrate supply and 
quality) and removal (grazing) processes.
89
Table 13. Regression analysis results. Responses are mixed-layer values for each parameter 
for stations along a transect from the Southwestern Gyre (Sts. 1-6 and 2-2) onto the Northwest 
Shelf (Sts. 2-3, 2-5, 2-7, and 2-9); predictor is distance (km) from the Gyre. Positive slope 
indicates positive Gyre-Shelf relationship, n.s.: not significant.
Variable DF Slope Intercept />-value R2
Abundance (cells l'1) 22 5.7 x 106 1.42 x 109 <0.0001 57.0%
Mean Cell Volume (pm3 cell'1) 22 0.823 n.s.
TdR Incorporation (pmol l'1 h'1) 23 0.300 3.94 <0.0001 79.4%
Leu Incorporation (pmol l'1 h'1) 23 0.679 57.3 <0.0001 76.3%
Leu: TdR 23 -0.033244 9.1476 < 0.0001 76.8%
DOC (pM) 16 0.211 206 0.002 49.7%
DON (pM) 16 0.0198 10.3 <0.0001 62.2%
Bulk DOC: DON 16 0.197 n.s.
Semi-labile DOC:DON 16 0.649 n.s.
Biomass (mg C m 3) 22 0.0287 6.77 <0.0001 55.9%
Production (mg C m 3 d'1) 23 0.0252 2.13 <0.0001 76.3%
Growth Rate (d-1) 22 0.00543 0.199 <0.0001 72.7%
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Deuser (1971) reported surface DOC concentrations of about 208 pM, comparable to 
measurements by Tugrul (1993) in the Western Gyre (160 to 210 pM) and Eastern Gyre (200 
pM). Karl and Knauer (1991) found much lower DOC values in the Southwestern Gyre of 
about 92 pM; they also reported DON values of about 10 pM. Torgunova (1994) found 
much higher surface DOC concentrations in the open basin (580 to 670 pM). In this study, 
mean mixed layer dissolved organic matter concentrations were significantly elevated on the 
Northwest Shelf (246 pM and 14.9 pM for DOC and DON, respectively) compared to the 
Southwestern Gyre (200 pM and 10.9 pM for DOC and DON, respectively) (Figs. 27, 28). 
Given past methodological problems with DOC analytical methods (Tugrul, 1993) for previous 
studies, these new DOC and DON measurements (Hansell and Carlson, 2002) probably 
reflect more accurate estimates of DOM concentrations in this region.
Compared to bulk DOC:DON ratios (ranging from 14.4 to 21.3) (Table 9) across the 
shelf-basin transect, the semi-labile DOC:DON ratios were lower (ranging from 10.1 to 19.0) 
(Table 10), indicating a relatively nitrogen-rich semi-labile fraction. Both the bulk and semi- 
labile ratios did not vary significantly along the Shelf-Gyre transect (Table 13). The semi-labile 
ratios were more similar to refractory marine DOM (~ 15) than labile DOM values (< 6) 
(Carlson, 2002), indicating that the surface DOM was primarily derived fromN-poor terrestrial 
sources (on the Shelf) or regenerative processes, rather than recent phytoplankton exudation 
(Nagata, 2000). In the Danube River mixing zone, Saliot et a l (2002) found low values of 
613C (-25.7 to -26.9 %o) for the DOC pool, indicating a predominately terrestrial humic source 
(Williams and Gordon, 1970). The same authors also found non-conservative mixing of DOC
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over the estuary, similar to findings in this study (Fig. 34), indicating DOC sources in both the 
upper estuary (5 to 10 psu) and at the Shelf-Basin mixing zone, which they attributed to 
enhanced autochthonous primary production. The potential for bacterial utilization across the 
shelf-basin system may be more dependent upon the quality of the DOM than the absolute 
DOC and DON concentrations, therefore, variations in bacterial abundance and production 
rates across the transect should be viewed in the relation to the varying sources (both 
allochthonous and autochthonous) throughout the region.
The observed bacterial distribution and productivity across the transect reflect gradients 
in both bacterivore pressure (abundance, activity, and species composition) and substrate 
supply rate and quality (DOM abundance and lability). Specific growth rates were significantly 
greater on the Shelf (ranging from 0.8 to 1.8 d’1) compared to the Gyre (ranging from 0.1 to 
0.3 d'1) (Tables 8,13), while mean cell volume was constant (Fig. 11, Table 13) across the 
transect, indicating similar size-selection by bacterivores, that is, the increased bacterivore 
pressure on the Shelf may be well coupled to enhanced DOM availability and bacterial activity. 
Interestingly, the Leu: TdR ratios (a measure of bacterial physiological condition) were 
significantly higher in the Gyre (mean value of about 9) compared to the Shelf (mean of 3) 
(Tables 7,13), indicating a shift in bacterial growth processes from protein synthesis (cell 
maintenance) in the Gyre greater DNA synthesis (cell division) on the Shelf (Shiah and 
Ducklow, 1997). This could reflect decreased grazing pressure in the Gyre, which would 
promote larger cell size, in addition to increased substrate quality on the Shelf, which would
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Figure 34. Dissolved organic carbon (DOC) mixing curves. DOC concentration versus 
salinity for 2001 (closed circles) and 1997 (open circles). Lines indicate conservative mixing. 
Mixed layer means and standard deviations are shown for 2001 data; 1997 data redrawn from 
Saliot et al., 2002.
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promote enhanced organic matter uptake; under substrate-replete conditions, bacteria may shift 
to a rapidly dividing physiological state.
An examination of the differences in rates of increase (or decrease) of properties over 
distance (Table 14, Fig. 35) shows that thymidine incorporation rates were the most elevated 
compared to other variables, again indicating enhanced cell division on the Shelf. Specific 
growth rates and bacterial production are derived from measurements of thymidine and leucine 
incorporation, respectively, and reflect similar relationships. The rates of increase of bacterial 
abundance and biomass were low compared to the production variables, suggesting that while 
bacterial activity on the Shelf is enhanced, removal processes respond to preclude very high 
standing stocks; it is likely that high bacterivore abundance is responsible (Bouvier et al., 1998; 
Kideys et al., 2000). These results indicate that the potential for bacterial growth, utilization of 
organic matter, and remineralization is enhanced on the Shelf.
Sorokin et al. (1995) suggested that integrated surface microbial production was 50 to 
80% of the primary production across the entire basin, while Becquevort et al. (2002) 
proposed a lower range of 4 to 29% of the autochthonous primary production in the Danube 
mixing zone. In this study, in the Southwestern Gyre, surface bacterial production was 
equivalent to up to 50% of net primary production (Table 6). Given estimates of bacterial 
growth efficiency (BGE) and bacterial production (BP), bacterial carbon demand (BCD) may 
be calculated as BCD = BP /  BGE. Published estimates of BGE range from 15% in the open 
ocean to 37% in estuaries (del Giorgio and Cole, 2000); in the Black Sea, Becquevort et al. 
(2002) estimated a BGE of 23% in the Danube mixing zone, while in this study, a mean value of
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Table 14. Transect slope analysis. Responses are log-transformed mixed-layer values for 
each parameter for stations along a transect from the Southwestern Gyre (Sts. 1-6 and 2-2) 
onto the Northwest Shelf (Sts. 2-3, 2-5, 2-7, and 2-9); predictor is distance (km) from the 
Gyre. Lower and upper limits of 95% confidence intervals of the slopes are shown for 
variables significant atp< 0.05. Positive slope indicates positive Gyre-Shelf relationship. 
Different letters indicate significantly different slopes, n.s.: not significant.
Variable DF Intercept St. Error
95%
Lower
Confidence Interval 
Slope Upper Sig.
In Abundance 21 21.06 0.00060 0.0017 0.0030 0.0042 c
In Mean Cell Volume 22 n.s.
In TdR Incorporation 23 1.90 0.00063 0.0104 0.0117 0.0130 A
In Leu Incorporation 23 4.10 0.00061 0.0045 0.0058 0.0070 B
In Leu: TdR 23 2.21 0.00069 -0.0074 -0.0059 -0.0045 D
In DOC 16 5.32 0.00023 0.0005 0.0009 0.0014 C
In DON 16 2.34 0.00031 0.0009 0.0015 0.0022 C
In Bulk DOC: DON 16 n.s.
In Semi-labile DOC:DON 16 n.s.
In Biomass 22 1.90 0.00070 0.0016 0.0030 0.0045 C
In Production 23 0.81 0.00061 0.0045 0.0058 0.0070 B
In Growth Rate 22 -1.46 0.00085 0.0069 0.0086 0.0104 B
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Figure 35. Shelf-Gyre transect slope analysis. Slopes and 95% confidence intervals from 
regressions of natural log-transformed mixed layer variables over distance from Gyre. Different 
letters indicate significantly differences slopes, dashes indicate not significant.
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18% was calculated from DOC utilization experiments (Table 11). While the Black Sea 
estimates of BGE fall between open and coastal ocean values (Table 15), this quantity is 
poorly constrained, and more investigation is required to establish better estimates of growth 
efficiency and carbon demand in the Black Sea. As a first order attempt at quantifying BCD for 
the Southwestern Gyre, the various values of BGE yielded estimates o f integrated BCD ranging 
from 174 to 430 mg C m'2 d*1, equating to 126 to 312% of the local or simultaneous primary 
production (Table 15); these estimates o f BCD are extremely high and suggest that bacterial 
production in the Gyre is dependent upon allochthonous organic matter in addition to recent 
primary production. DOC concentrations are high compared to marine values (Table 12), 
consistent with this hypothesis.
Microbial Properties of Subsurface Layers
In the central basin the phytoplankton dynamics are similar to coastal regions in terms of 
timing and species composition of blooms, but at lower standing stocks (0.5 to 2.0 mg Clol-a 
m"3) (Oguz et al., 2002) and photosynthetic rates (25 to 40 mg C m'3 d'1) (Oguz et al., 1999; 
Sorokin, 2002). The Black Sea differs considerably from open (fully oxygenated) ocean 
ecology in that surface primary production is limited by subsurface denitrification (Oguz et al., 
1999). The predominant forms of nitrogen at depth are ammonium and DON; these reduced 
nitrogen sources could potentially support phytoplankton growth in the surface layers, but 
oxidation processes convert the upward flux of ammonium to nitrogen gas before it reaches the 
euphotic zone (Murray et al., 1995; Oguz et al., 1999).
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Table 15. Estimates of bacterial carbon demand (BCD) for the Southwestern Gyre. BCD is 
calculated as BP/BGE. BP: integrated bacterial production, mean of 64.5 mg C m'2 d'1 (this 
study). BGE: bacterial growth efficiency, estimated from utilization incubations and literature 
values. PP: integrated primary production, mean of 138 mg C m'2 d'1 (data courtesy A. 
Yilmaz). §Mean of surface and suboxic layer incubations, see text for caveats.
Estimate of BGE BCD
(mg C m'2 d'1)
BCD:PP Reference
Open ocean 0.15 430 312% del Giorgio and Cole, 2000
Southwestern Gyre§ 0.18 350 254 % This study
Danube mixing zone 0.23 280 203 % Becquevort et al., 2002
Coastal ocean 0.27 238 173 % del Giorgio and Cole, 2000
Estuaries 0.37 174 126 % del Giorgio and Cole, 2000
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Protozoan grazing pressure is low in the subsurface layers (Vinogradov et al., 1998), 
suggesting that the observed bacterial standing stocks are controlled by substrate limitation. 
Ciliate and flagellate abundances are low in the oxycline, but display subsurface peaks at the 
suboxic-anoxic interface (Bird and Karl, 1991; Zubkov et al., 1992). High viral mortality has 
been shown in several anoxic systems where protozoan grazing rates are low (Fenchel et al.,
1990). In the anoxic region of the Cariaco Basin, Taylor et al. (2003) observed a subsurface 
maximum of the concentration of virus-like particles at the suboxic-anoxic interface; this 
maximum coincided with subsurface peaks in bacterial abundance and net production. Similar 
results were obtained by Weinbauer et al. (2003) in the anoxic region of the Baltic Sea.
Coban-Yildiz et al. (2000) observed elevated suspended particulate organic carbon 
(POC) and nitrogen (PN) concentrations in the surface (5 to 10 pM and 0.5 to 0.75 pM, 
respectively). During the summer, POC:PN ratios ranged from 8 to 14, while POC:chl-a ratios 
were variable and generally high (250 to 750) throughout the euphotic zone; these data 
suggested the particulate organic matter (POM) to be derived from senescent phytoplankton 
cells or allochthonous sources. The POC:PN ratio below the thermocline was relatively 
invariant at about 6, similar to bacterial C:N values (generally 4 to 5) (Goldman and Dennett,
1991), and the deep POM was characterized by aggregated bacteria, small fecal pellets, and 
fine particles o f Mn and Fe oxides (Coban-Yildiz et al., 2000). Suspended POM 
concentrations generally decrease through the oxycline, then increase at the suboxic-anoxic 
interface (Lyutsarev and Shanin, 1996; Yilmaz et al., 1998; Coban-Yildiz et al., 2000). As 
much as 90% of the sinking POM in the upper water column is mineralized in the sub-mixed
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euphotic zone and oxycline (Oguz et al., 1999); only a small fraction passes into the anoxic 
zone (Karl and Knauer, 1991), suggesting that bacteria in the subsurface layers can efficiently 
remineralize sinking POM in the upper water column, and that bacterial assemblages in the 
suboxic and anoxic layers are limited to extremely reworked, and possibly quite refractory, 
organic matter substrates.
Bird and Karl (1991) observed a subsurface maximum of bacterial abundance of 0.11 
cells I'1 at the suboxic-anoxic interface, while Sorokin et al. (1995) observed a subsurface 
minimum of bacterial abundance (0.24 to 0.43 x 109 cells l'1) in the oxycline, with increases at 
the suboxic-anoxic interface (0.37 to 0.55 x 109 cells l'1). King et al. (1998) found evidence of 
different Archeal consortia in the oxic and anoxic zones, and in deep sediments, suggesting a 
diverse suite of Archaea in the Black Sea having varying metabolic capabilities. In this study, 
bacterial abundance ranged from 0.18 to 0.84 x 109 cells I'1 and significantly decreased with 
depth, while cell volume and biomass (volume-derived) increased (Table 16); this pattern was 
due to the occurrence of large filamentous bacteria at all depths sampled below the suboxic 
boundary. The filaments comprised up to 10% of the total bacterial assemblage and up to 50% 
of the total bacterial biomass (Table 5), and are therefore an important component of the 
microbial communities in the anoxic basin. These filaments have been observed by previous 
researchers (Bird and Karl, 1991; Sorokin et al., 1995), but their identity has not been directly 
addressed. The cell volumes of non-filamentous cells appeared to increase with depth, similar 
to the findings of Bird and Karl (1991).
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Table 16. ANOVA results. Responses are pooled measurements for the Southwestern Gyre 
(Sts. 1-6 and 2-2). One-way ANOVA with three factor three levels: oxycline layer (OL), 
suboxic layer (SL), and upper anoxic layer (UAL). Abundance and biomass values are for 
non-filamentous cells only. Mean volume values are for non-filamentous cells (NF) and both 
non-filamentous and filamentous cells together (NF+F). §Results of Tukey’s multiple 
comparisons test; indicates significant differences between levels, f  Log-transformed to meet 
assumptions of normality and homogeneity of variance, n.s.: not significant.
Variable DF F-value value Layer Comparison§
Abundance (cells l'1) 23 5.23 0.014 OL > SL = UAL
NF Mean Volumef (pm3 cell*1) 24 14,54 <0.0001 OL < SL < UAL
NF+F Mean Volumef (pm3 cell'1) 24 15.12 <0.0001 OL = SL < UAL
TdR Incorporation (pmol l'1 h'1) 26 1.72 0.200 n.s.
Leu Incorporation (pmol I'1 h'1) 26 12.15 <0.0001 OL > SL = UAL
Leu: TdR 26 13.81 <0.0001 OL > SL = UAL
DOC (pM) 10 5.30 0.047 SL > UAL
DON (pM) 10 2.49 0.149 n.s.
Bulk DOC: DON 10 <0.001 0.994 n.s.
Semi-labile DOC:DON 10 2.01 0.190 n.s.
Biomass (mg C m 3) 23 8.59 0.002 OL = SL < UAL
Production (mg C m'3 d'1) 26 12.06 <0.0001 OL > SL = UAL
Growth Rate (d'1) 23 0.40 0.673 n.s.
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Karl and Knauer (1991) observed bacterial production rates ranging from 2.7 to 3.6 
mg C m'3 d'1 in the oxycline and a subsurface maximum at the suboxic-anoxic interface of 5.3 
mg C m‘3 d'1, while Sorokin et al. (1995) observed a subsurface minimum of production rates 
(0.6 mg C m'3 d'1) in the oxycline, with increases at the suboxic-anoxic interface (0.13 to 0.56 
mg C m'3 d'1). In this study, thymidine incorporation rates were veiy low (ranging from 0.1 to 
1.3 pM-TdR h'1) and invariant in the lower water column, while leucine incorporation and 
production (leucine-derived) were significantly greater in the oxycline layer (2.7 to 6.9 pM-Leu 
h'1 and 0.1 to 0.3 mg C m'3 d'1, for Leu and production, respectively) compared to the suboxic 
and anoxic layers (Table 16). The Leu: TdR ratios were significantly higher in the oxycline 
(Tables 7,16), indicating a possible shift in bacterial growth toward DNA synthesis in the deep 
basin, however, given the methodological problems associated with anaerobic thymidine 
incorporation, differences in Leu: TdR ratios in subsurface layers should be viewed with caution. 
In order to better constrain bacterial production and growth rates in these layers, more 
investigations into anaerobic isotope uptake and associated conversion factors are necessary, 
e.g., gas-tight incubations such as the Hungate tube experiments described above.
In this study, DON concentrations decreased with depth, ranging from 8.3 pM in the 
oxycline to 5.7 pM in the anoxic zone (Fig. 28); these data agree well with values reported by 
Karl and Knauer (1991) ranging from 5 to 7 pM. Previous researchers found a DOC 
minimum at the suboxic-anoxic interface and increases in DOC concentration with depth below 
200 m: up to 500 pM in the central basin (Deuser, 1971) and up to 1500 pM in the 
Southwestern Gyre (Torgunova,1994). Conversely, Tugrul (1993) found no evidence of
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increased DOC concentration at depth in the Western and Eastern Gyres, with deep 
concentrations ranging from 100 to 120 pM, as did Karl and Knauer (1991) in the 
Southwestern Gyre, with upper anoxic layer values of about 63 pM. In this study, DOC 
concentrations decreased with depth, ranging from 153 pM in the oxycline to 121 pM in the 
anoxic zone (Fig. 27). These new values are much lower than older published values, but are 
somewhat higher than the values reported by Karl and Knauer (1991). More research, using 
the modem techniques of DOC analysis, is required to further constrain DOC estimates in the 
suboxic and anoxic regions o f the Black Sea. The present observations indicate high deep 
basin values (about 118 pM) compared to open ocean values (< 45 pM) (Carlson, 2002), 
suggesting that a substantial proportion o f the DOC derived from autochthonous primary 
production remains unutilized in the deep anoxic zone of the Black Sea. Dissolved organic 
nitrogen concentrations decreased with depth, ranging from 8.3 pM in the oxycline to 5.7 pM 
in the anoxic zone (Fig. 28); these data agree well with values reported by Karl and Knauer 
(1991) ranging from 5 to 7 pM.
Coble et al. (1991) observed DOM and flavin fluorescence profiles that increased 
steadily with depth through the upper 200 m; they suggested an autochthonous, rather than 
terrestrial humic source. Mopper and Kieber (1991), in characterizing the DOM of the central 
Black Sea, found that the majority (52%) of the DOM was comprised of low molecular weight 
carboxylic acids (formate, acetate, and lactate), which may be the products o f anaerobic 
organic matter fermentation and may serve as substrates for sulfate reducers and methanogens. 
Other important constituents included thiols, dissolved free amino acids, and dissolved sugars;
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the profiles of these compounds were highly variable throughout the upper water column. In 
this study, subsurface bulk DOC:DON ratios were similar (18.8 to 20.6) (Table 9) across 
water layers and indicative of refractory DOM. Semi-labile DOC: DON ratios were more 
variable (2.7 to 17.5) (Table 10) but no significant difference between water layers was 
detected (Table 16). The very low semi-labile ratios in the suboxic and anoxic layers probably 
reflect the analytical uncertainty in the deep DON values; nonetheless, it is likely that the deep 
semi-labile DOM pool is relatively nitrogen-rich and may indicate in situ organic matter 
production. Approximately 95% of the semi-labile DOC was consumed above the suboxic- 
anoxic interface (Table 17) , suggesting that much of the labile fraction is efficiently utilized in the 
upper (oxygenated) water column. These data suggest that organic matter consumption and 
production in the anoxic basin is low, probably due to the less efficient metabolic modes of the 
anaerobic bacteria.
Conclusions
Bacterial variables (abundance, incorporation rates, biomass, production, and specific 
growth rates) were significantly higher on the Northwest Shelf compared to the Southwestern 
Gyre. Isotope incorporation rates were the most elevated compared to other variables, 
indicating decoupling of productivity and biomass and suggesting the importance of bacterivory 
on the Northwest Shelf. Dissolved organic carbon and nitrogen (DOC and DON) 
concentrations were also elevated on the shelf, while the DOC:DON ratio was constant, 
indicating the predominance of terrestrial organic matter inputs.
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Table 17. Integrated newly produced DOC for 2001 stations. The first number is integrated 
total DOC (g C m'2), the second number is estimated semi-labile DOC (g C m'2) using the 
minimum deep basin concentration of 117.5 pM, the third number is the ratio o f these numbers.
Station MixedLayer
Euphotic
Layer
Oxycline
Layer
Suboxic
Layer
Upper
Anoxic
Zone
Northwest Shelf
St. 2-5 36.9 11.9
19.7 5.0
0.50 0.42
St. 2-7 29.8 43.0
16.9 17.7
0.57 0.41
St. 2-9 49.6 - 125.2
22.9 41.4
0.46 0.33
St. 2-3 42.6 12.0 50.8 59.4 46.9
21.7 4.9 12.9 6.7 3.5
0.51 0.41 0.26 0.11 0.07
Southwestern Gyre
St. 1-6 28.7 33.9 45.9 54.9 61.2
11.8 12.8 10.0 6.5 3.4
0.41 t).38 0.22 0.12 0.06
Southern Coast
St. 1-5 21.5 24.2 71.7
11.0 10.2 13.8
0.51 0.42 0.19
St. 2-14 23.8 - 21.4 39 009.6
11.2 4.6 5.5 8.5
0.47 0.21 0.14 0.07
Sevastopol Eddy
St. 2-12 72.3 102.6 62.8 39.6
32.1 35.0 9.6 4.4
0.45 0.34 0.15 0.11
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In the Southwestern Gyre, surface bacterial production was equivalent to about 50% of 
net primary production. Bacterial abundance, leucine incorporation, and production were 
significantly greater in the oxycline layer compared to the suboxic and anoxic layers, while cell 
volume, biomass and specific growth rate increased with depth. Large filamentous bacteria 
(>10 microns in length) were present below the suboxic boundary, and comprised up to 10% 
of the total bacterial assemblage and up to 50% of the total bacterial biomass. DOC 
concentrations decreased with depth, while DON concentrations were elevated in the suboxic 
layer. Approximately 95% of the newly produced DOC. was consumed above the suboxic- 
anoxic interface; the deep basin DOC concentrations were high compared to open ocean 
values, indicating reduced subsurface organic matter cycling despite high surface production.
The Black Sea is an important region for the study of microbial ecology due to both its 
current state o f eutrophication and, more importantly, its vast anoxic environment. Most 
hypoxic and anoxic aquatic systems are to be found within small lakes, or confined to small 
areas of coastal seas (Table 12). While the present measured bacterial standing stocks and 
production rates in the Black Sea may be more comparable to open ocean values, the 
measured specific growth rates and DOC concentrations are much greater (Table 12), 
suggesting that the Black Sea may be more accurately characterized as an estuary or coastal 
sea having complex interactions between bacterial distributions and loss processes.
The estimates of bacterial biomass and production rates, as well as DOC standing 
stocks and lability, can be used to construct a schematic framework for understanding bacterial 
processes, in terms of carbon, in the Black Sea (Fig. 36). This conceptual model includes
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Figure 36. Schematic model of the Black Sea carbon budget for the Northwest Shelf (St. 2- 
5) and Southwestern Gyre (Sts. 1-6 and 2-2). Boxes indicate estimates of depth-averaged 
standing stocks (mg C m"3), solid arrows indicate estimates of depth-averaged bacterial 
production rates (mg C m'3 d'1), dashed arrows indicate unknown flows. PP: primary 
production; BP: bacterial production; DOM: dissolved organic matter; DOC: dissolved organic 
carbon; C:N: semi-labile dissolved organic carbon:nitrogen ratio; POM: particulate organic 
matter.
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measured values for the Northwest Shelf and Southwestern Gyre, and for the surface and 
subsurface layers of the Gyre. On the Northwest Shelf, the high standing stocks and 
production rates reflect the ongoing eutrophication of the coastal regions of the Black Sea; 
these properties are elevated compared to Gyre values, suggesting gradients in DOM quality 
and bacterivore pressure. At the Southwestern Gyre, the stocks and rates are elevated in the 
surface, reflecting enhanced autochthonous primary production. While the DOC standing 
stocks and bacterial production rates decreased with depth, bacterial biomass was significantly 
elevated in the upper anoxic layer.
These findings underscore the need for more research regarding the large filamentous 
bacteria found in the suboxic and anoxic waters of the Black Sea; little is known regarding their 
specific growth rates, metabolic modes, or growth efficiencies. Additionally, more work is 
needed to constrain bacterial loss properties throughout the whole system, i.e., measurements 
of bacterivore and viral abundance and activity. Finally, the few existing estimates of 
chemosynthesis indicate it may be an important process contributing to in situ organic matter 
production at depth, and certainly more research is necessary to fully estimate the various 
sources and potential sinks of DOM in the Black Sea. In addition to these areas of further 
research, more investigation is required to adequately address annual cycles of bacterial 
abundance and production, both in surface waters and between subsurface layers.
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